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PART TWO 

ELECTROMAGNETIC THROUGH-THE-E:ARTH MINE COMMUNICATIONS 

INTRODUCT I O N  

Pa r t  Two of t h i s  r epor t  i s  based upon s i x  working memoranda prepared 
during t h e  f i r s t  ha l f  of 1972 a t  an e a r l y  s t age  i n  our work f o r  t h e  
Bureau of Mines. This work presents  preliminary performance es t imates  
of baseband voice and narrowband through-the-earth electromagnetic  com- 
munications systems of p r i n c i p a l  i n t e r e s t  t o  the  Bureau f o r  opera t ional /  
emergency mine communications appl ica t ions .  The ca lcu la t ions  were pre- 
pared t o  obta in  e a r l y  ind ica t ions  of :he f e a s i b i l i t y  and governing par- 
ameters of such communications systems. They a r e  based on l imi ted ,  but  
p e r t i n e n t ,  coal  mine electromagnetic noise  da ta  acquired to-date by 
Bureau of Mines cont rac tors ;  on t h e o r e t i c a l  s ignal -a t tenuat ion  character-  
i s t i c s  f o r  two t r ansmi t t e r  antenna typ~es of present  i n t e r e s t  t o  t h e  
Bureau and on semi-empirical models vhich describe the  i n t e l l i g i b i l i t y  
of voice communications a s  a  function (of t h e  frequency v a r i a t i o n s  of the  
signal-to-noise r a t i o  across t h e  voiceband. 

This work examines t h e  cases of baseband voice and narrowband com- 
munications f o r  uplink and downlink trisnsmissions, f o r  frequencies up t o  
3kHz. Downlink transmissions a r e  v i a  a  hor i zon ta l  wire antenna, and 
uplink transmissions v i a  a  ve r t i ca l -ax l s  loop antenna, f o r  t y p i c a l  mine 
depths of 300, 600, and 1000 f e e t .  Representative coal-mine overburden 
conduct iv i t ies  of mhos /meter (moderate and common) and 10-I mhos / 
meter (high) were used; the  former f igure  f o r  both voice and narrowband 
ca lcu la t ions  and the  l a t t e r  f o r  narrowband ca lcu la t ions  only. Examples 
of h igh,  moderate, and low, surface  and subsurface,  harmonic and broad- 
band-impulsive no i se  condit ions were taken from NBS and Westinghouse 
(WGL) mine noise  da ta ,  together  with examples of high- and low-levels of 
ELF atmospheric noise  taken from M.I .T , ,  Lincoln Laboratory da ta .  The 
e f f e c t s  of simple voice spectrum shaping techniques on the  i n t e l l i g i b i l i t y  
of through-the-earth voice communications a r e  examined, and indexes of 
i n t e l l i g i b i l i t y  more broadly based than signal-to-noise r a t i o  a r e  d is -  
cussed. F ina l ly ,  a  means of overcoming the  a f f e c t s  of 60 Hz noise  and 
i ts  harmonics which a r e  the  l a r g e s t  cont r ibutors  t o  t y p i c a l  audio frequency 
in-mine no i se ,  i s  suggested. . - 

These f e a s i b i l i t y  ca lcu la t ions  a r e  no t  intended t o  serve  as  de f in i -  
t i v e  and complete t rea tments ,  but a s  a  s t a r t i n g  point :  t o  e s t a b l i s h  
f i r s t - o r d e r  es t imates  of the  magnitude and v a r i a b i l i t y  of t r ansmi t t e r  
power requirements under d i f f e r e n t  no i se ,  overburden conductivi ty,  and 
mine depth condi t ions ;  t o  i d e n t i f y  r e l a t ionsh ips ,  condit ions,  o r  frequen- 
c i e s  t h a t  a r e  l i k e l y  t o  l i m i t  o r  enhance system performance; t o  r evea l  
items requi r ing  f u r t h e r  inves t iga t ion  and data  s t i l l  required;  and t o  
suggest p r a c t i c a l  methods f o r  optimizin,g system performance. These 
ob jec t ives  were met by t h e  ca lcu la t ions .  Simple experiments t o  support 
these  ca lcu la t ions  can and should be ca r r i ed  ou t ;  together  with more 
d e t a i l e d  inves t iga t ions  of s p e c i f i c  modulation, coding, noise-suppression, 
voice-compression and signal-condit ioning techniques,  aimed a t  producing 
through-the-earth operational/emergency mine-communication systems t h a t  
a r e  not only e f f e c t i v e ,  but  p r a c t i c a l  and economically sound. 
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I. SIGNAL POWER ESTIMATES FOR DOWNLINK THROUGH-THE-EARTH 
BASEBAND VOICE COMMUNICATIONS 

P r e l i m i n a r y  c a l c u l a t i o n s  were performed t o  de te rmine  t h e  f e a s i b i l i t y  
of communications sys tems u s i n g  baseband v o i c e  s i g n a l s  t r a n s m i t t e d  
through t h e  e a r t h  and r e c e i v e d  i n  t h e  p resence  of v a r i o u s  t y p e s  and l e v e l s  
of e l e c t r o m a g n e t i c  n o i s e  i n  mines. Even wi thou t  a t t e m p t s  t o  remove t h e  
major l i n e  components of t h e  n o i s e  upon r e c e p t i o n ,  o r  t o  g i v e  t h e  optimum 
pre-emphasis and peak c l i p p i n g  t o  t h e  i n i t i a l  t r a n s m i t t e d  v o i c e  spectrum, 
i t  appears  t h a t  i n t e l l i g i b l e  v o i c e  s i g n a l s  may he r e c e i v e d  f o r  an appre-  
c i a b l e  f r a c t i o n  of t h e  t ime i n  mines ,  u s i n g  a  h o r i z o n t a l  wi re  an tenna  f o r  
t h e  downlink,  Of c o u r s e ,  t o  d e s i g n  an e f f e c t i v e  o p e r a t i o n a l  communica- 
t i o n s  sys tem,  t e c h n i q u e s  such as t h o s e  j u s t  mentioned would have t o  be 
used,  t o  improve s i g n a l - t o - n o i s e  r a t j o s  by perhaps  12-20db, The imple- 
menta t ion  of t h e s e  t e c h n i q u e s  poses  no fundamental  problems of g r e a t  
d i f f i c u l t y ,  

A. METHOD OF CALCULATION - DOWNLINK. HORIZONTAL WIRE ANTENNA 

We have cons idered  a  s i t u a t i o n  i n  wllich v o i c e  i s  baseband t r a n s -  
m i t t e d  (500Hz t o  3kHz) through t h e  e a r t h  by a h o r i z o n t a l  w i r e  an tenna ,  
t e r m i n a t e d  i n  a  grounded e l e c t r o d e  at  each end. 

The v o i c e  spectrum o v e r  t h i s  bandwidth may be c r u d e l y  r e p r e s e n t e d  
by So/£ as shown i n  F igure  1-1: where f  i s  f requency  i n  H e r t z  and So i s  
an ampl i tude  g a i n  f a c t o r  w i t h  a v a l u e  t h a t  depends on t h e  s i g n a l - t o - n o i s e  
r a t i o  d e s i r e d  a t  t h e  r e c e i v e r ,  Hence t h e  RMS c u r r e n t  i s  

I - - 
rms 

(amperes) 

I f  t h e  s e r i e s  r e s i s t a n c e  of t h e  an tenna  e l e c t r o d e / e a r t h  c o n t a c t  i s  
assumed e q u a l  t o  50 ohms ( v a l u e s  between 5 0 n  and 200 n a r e  t y p i c a l ) ,  
t h e  t r a n s m i t t e r  power r e q u i r e d  may he e s t i m a t e d  a s  

P = R I  
2 

~ 5 0 1 ~  = S o / 1 2 w a t t s  
rms r m s  

A h o r i z o n t a l  w i r e  an tenna  produces  a  magnet ic  f i e l d  

* References  t o  F i g u r e s ,  Tab les  and Equat ions  app ly  t o  t h o s e  i n  t h i s  
Chapter  u n l e s s  o t h e r w i s e  n o t e d .  
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FIGURE 1-1 AVERAGE SPEECH SPECTRA 

50 

a - 
0 
r 
0, 40 
k E 
- 
a a 
> = 
3,' 30 
E g 
3 0 z 0 
E 0 
L 20 
u 
c a 
3 
0 .E 

10 
E 
oz 

0 

Arthur D Little, Inc 

Y -x7 Men at 18 in. 

IrC 
*-- - 4 6  Men at 30 cm 

:rz- -5 Women at 30 cm - 

1 I f  Approximation 
- 

- 

, Voiceband of 
Interest ' \ 

.. I I I I I I l l  I I i I I l l ,  
2 3 4 5 6 7 8 9  2 3 4 5 6 7 8 9  

100 1000 10,000 
Frequency!Hz) 

Source: Handbook of Experimental Psychology, S.S. Stevens (ed.), 
Wiley, Chapter 26, Licklider, J.C.R. and Miller, G.A., Figure 2, pg. 1042 



where D is the depth of the mine, and I AI  is a dimensionless quantity. 

In Figure 1-2 plats are showil of the shape of the attenuation ns a 
function of frequency ( I  A1 2 I n D )  for the three depths D = 300, 600, 1000 
feet, using values for overburden conductivity of 0 = lom2 and 10" 
mhoslmeter. These plots were derived using the Westinghouse I A  ( curve 
in Figure 1-3, 

The RMS magnetic field at the receiver in the mine can then be 
written 

S 1/2 

Ampereslmeter 
rms 27~D 

where I A I  is a function of frequency. ( The following calculations were done 
-2 

only for the more favorable o = 10 mho/meter conductivity situation, commonly 

found over coal mines, ) 

At D = 300 feet,we approximate 

At D = 600 feet,we approximate 

At D = 1000 feet,we approximate 

In the latter two cases, where -k!- is of the form ole 
-.p f 

27~D 

the received magnetic field is 

H 
rms 
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Penetration into Medium ( ~ 1 6 )  in Skin Depths 

Source: Westinghouse Georesearch Laboratory (WG L) 

FIGURE 1-3 HORIZONTAL WIRE ANTENNA, COUPLING RELATIONSHIP 
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B, NOISE IN MINES 

Two d i f f e r e n t  t y p e s  o f  n o i s e  s i t u a t i o n s  were cons idered :  

1 .  Noise P r i m a r i l y  Due t o  6OHz and 360Hz Harmonic Peaks 

The n o i s e  magnet ic  f i e l d  can be w r i t t e n  

rms , (9 )  

where h are t h e  n o i s e  peaks i n  AIM a t  a l l  60Hz and 360Hz harmonics l y i n g  
i 

between 500 and 3000Hz. While t h e r e  a r e  42 of t h e s e  i n  a l l ,  i n  p r a c t i c e  95% 

o r  more o f  t h e  n o i s e  power is o f t e n  c o n t r i b u t e d  by o n l y  2 o r  3 harmonics .  

Three  c a s e s  were c a l c u l a t e d :  

Gunn Quealy Mine, Rock S p r i n g s ,  Wyoming - Figure  1-4 measure- 

men t s r i t h  mine s h u t  down, h o r i z o n t  a 1  component (Westinghouse d a t a )  

N = 2.96 x AIM (low n o i s e )  
rms 

Al len  Mine, Colorado - W. D. ~ensema("  (NBS) measurements 

( F i g u r e  1-5, Rensema NBS r e p o r t )  power l i n e  6OHz and 360Hz 
harmonics p r i m a r i l y ,  v e r t i c a l  component 

* r m s  = 7.7 x l o g 5  AIM (low harmonic n o i s e )  

( F i g u r e  1-6, Bensema NBS r e p o r t )  e l e c t r i c  locomotive  p u l l i n g  
o u t  - 60Hz and 360Hz harmonics p r i m a r i l y ,  v e r t i c a l  component 

N r m s  = 1.03 x 1 om3 A / M  ( h i g h  harmonic n o i s e )  

2 ,  Noise P r i m a r i . 1 ~  Broadband Impu1,sive 

The n o i s e  d e n s i t y  p l o t s  of NBS and WGL d a t a  can be  approximated,  
e i t h e r  over  t h e  whole bandwidth o r  i n d i v i d u a l l y  over  s e v e r a l  segments of 
i t ,  by r e l a t i o n s  of t h e  form 

( 1 ) W .  D. Bensema, Coal Mine ELF Elec t romagne t ic  Noise Measurements, NBS 

Report  10-739 (1972) - sponsored by U.S .  Bureau of Mines, Working Fund 
Agreement H0111019. 
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Voice Band Chosen + 

FIGURE 1-4 HORIZONTAL COMPONENT OF SUBSURFACE EM NOISE MAGNETIC FIELD, Hv 
GUNN QUEALY MINE, ROCK SPRINGS WYOMING (Westinghouse Data) 
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Then t h e  n o i s e  magnetic f i e l d  can be w r i t t e n  

One example s t u d i e d  was s eve re  t r o l l e y  impuls ive  n o i s e ,  v e r t i c a l  
component i n  t h e  L inco ln  Mine i n  Colorado, a s  shown i n  F igure  1-7 
(Bensema NBS r e p o r t ) .  

A  c o r r e c t i o n  of -9dh was app l i ed  t:o h i s  d a t a  t o  t a k e  account  of t h e  
7.8Hz bandwidth he  used. 

N = 3.71 A/M (high impuls ive  no i s e )  
ms 

By way of comparison wi th  t h e  above no i s e  va lue s ,  i t  i s  worth n o t i n g  
t h a t  t h e  harmonic n o i s e  i n  t h e  same bandwidth on t h e  s u r f a c e  a t  t h e  Al len  
Mine shown i n  F igure  1-8 (Bensema NBS r e p o r t )  g i v e s  a v a l u e  of 

Nrrns = 5 x 10-4 A I M  (harmonic n o i s e  on t h e  s u r f a c e ) .  

3 ,  Signa l  Current  and Power Es t imates  - 
For i n t e l l i g i b l e  v o i c e  communications,a c r i t e r i o n  of a  s i g n a l - t o -  

n o i s e  r a t i o  e q u a l  t o  o r  g r e a t e r  t han  12db is  used. Computing t h i s  r a t i o  
f o r  t h e  s i g n a l - t o - n o i s e  f i e l d  q u a n t i t i e s ,  wi thou t  r ega rd  f o r  s p e c i f i c  
f i e l d  s e n s o r s ,  w e  g e t  

Hms - 2 I which r e p r e s e n t s  a r ea sonab l e  bound on t h e  
7 

NrmS 
d e s i r e d  g rade  of s e n r i c e  f o r  vo i ce  communications. 

( I n  A3 te lephony ,  a  6db aud io  S/N r a t i o  produces  j u s t - u s a b l e - q u a l i t y  
r e c e p t i o n ,  and i s  rese rved  f o r  ope ra to r - t o -ope ra to r  communications. 
Good commercial q u a l i t y  r e c e p t i o n  r e q u i r e s  an aud io  S/N r a t i o  on t h e  
o r d e r  of 30db. ) 

By us ing  t h i s  c r i t e r i o n ,  and combining Eqs. (11) o r  (9 )  wi th  (4)  o r  
( 8 ) ,  i t  i s  p o s s i b l e  t o  determine t h e  cor responding  RMS c u r r e n t  ( o r  t h e  
power) r equ i r ed  t o  ach ieve  a  12db S/N r a t i o  f o r  v o i c e  communication through 

Arthur I> Little, Inc 
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t h e  e a r t h ,  t o  mines under a  v a r i e t y  of circumstances.  These r e s u l t s  
can on ly  be rough e s t i m a t e s ,  g iven t h e  s i m p l i f i e d  n a t u r e  of t h e  
assumptions made i n  t h e  above a n a l y s i s .  However, they a r e  i n  an impor- 
t a n t  s ense  "worst case" e s t i m a t e s ,  s i n c e  w e  know t h a t  by t a i l o r i n g  
t h e  i n i t i a l  vo i ce  spectrum and shaping t h e  rece ived  n o i s e  spectrum, o r  
reducing i t s  few major harmonic components, we can ach ieve  l a r g e  ga in s  
i n  t h e  f i n a l  s i g n a l - t o - n o i s e  r a t i o .  Note t h a t  t he  pol.rer c a l c u l a t i o n s  
r e p r e s e n t  t he  average power de l i ve r ed  t o  a  50 ohm load .  To d e l i v e r  the1 
r equ i r ed  l e v e l s  of average power - with  l i n e a r  ampl i f i . e r s  - r e q u i r e s  
approximately 10m15dh more a m p l i f i e r  power handl ing c a p a b i l i t y ,  because 
of t h e  dynamic range of normal speech. 

The r e s u l t s ,  i n  terms of t h e  RMS antenna c u r r e n t  r equ i r ed ,  a r e  
shown i n  F igure  1-9 and Table  1-1 f o r  t h e  mine no i s e  ca se s  d i scussed  
above a t  t h e  t h r e e  dep ths  of 300, 600, and 1000 f e e t .  V e r t i c a l  com- 
ponents  of t h e  n o i s e  f i e l d s  have been compared wi th  t h e  h o r i z o n t a l  
s i g n a l  f i e l d  components produced by a  h o r i z o n t a l  wi re  an tenna ,  because 
NBS publ i shed  p r i m a r i l y  v e r t i c a l  component graphs of in-mine no ise .  
Though t h e  degree  of v a r i a b i l i t y  between v e r t i c a l  and h o r i z o n t a l  com- 
ponents  must s t i l l  be a s c e r t a i n e d ,  i t  w i l l  probably f a l l  w e l l  w i th in  
t h e  wide v a r i a t i o n  experienced i n  t h e  v e r t i c a l  f i e l d  a lone.  The 
h ighes t  no i s e  l e v e l  (Lincoln ?fine, s eve re  t r o l l e y  impuls ive no i s e )  
r e q u i r e s  on t h e  o r d e r  of 100 k i l o w a t t s  f o r  i n t e l l i g i b l e  vo i ce  communi- 
c a t i o n  a t  a depth of 1000 f e e t ,  and 23 k i l o w a t t s  even a t  600 f e e t ,  f o r  
a  50 long-wire antenna impedance. These power l e v e l s  may mean t h a t  
vo i ce  communication t o  someone on a  moving t r o l l e y  w i l l  no t  be p o s s i b l e  
through t h e  e a r t h .  

I n  a d d i t i o n ,  both t h e  t r o l l e y  impuls ive n o i s e  and vo i ce  s p e c t r a  f a l l  
o f f  w i th  i n c r e a s i n g  frequency,  a s  shown i n  F igure  1-10, a s  opposed t o  
j u s t  t h e  vo i ce  spectrum a s  i n  t y p i c a l  vo i ce  communications systems;  s o  
t h a t  a S/N r a t i o  g r e a t e r  than  12db, and cor respondingly  h ighe r  t r a n s m i t t e r  
powers may be r equ i r ed  t o  ensure  i n t e l l i g i b i l i t y  under such n o i s e  cond i t i ons .  
S i g n a l  pre-emphasis be fo re  t r ansmis s ion ,  and n o i s e  and s ignal-spectrum 
shaping  upon r e c e p t i o n ,  can probably be used t o  advantage h e r e .  However, 
t h e  dominance of t h i s  n o i s e  type  and l e v e l  is r e l a t i v e l y  i n f r equen t  at  
any given p o i n t  i n  a  mine, because harmonic i n t e r f e r e n c e  i s  t h e  most 
p r eva l en t .  Hence, by u s i n g  techniques ,  such a s  harmonic r e j e c t i o n  f i l t e r s  
on r e c e p t i o n  and signal pre-emphasis and peak c l i p p i n g  on t r ansmis s ion ,  
i t  appears  t h a t  i n t e l l i g i b l e  through-the-earth vo ice  communications t o  
mines may be p o s s i b l e  a t  reasonable  power l e v e l s  f o r  t h e  g r e a t  ma jo r i t y  of 
t h e  t ime.  Ca l cu l a t i ons  of  t h e  e f f e c t s  of s imple  vo i ce  spectrum shaping  
techniques  and peak c l i p p i n g  are presen ted  i n  t he  subsequent Chapters  I V  
and V of t h i s  P a r t  of  Volume I. A proposed des ign  of a  harmonic r e j e c t i o n  
f i l t e r  is desc r ibed  i n  Chapter V I .  The r e s u l t s  of t h e s e  i n v e s t i g a t i o n s ,  
as w i l l  be seen ,  are s u f f i c i e n t l y  encouraging t o  war ran t  f u r t h e r  p u r s u i t  
of  t h e s e  t o p i c s .  

Arthur D Little, Inc. 
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TABLE 1-1 

RMS ANTENNA CURRENT AND AVEKAGE POWER D I S S I P A T E D  

FOR LONG-WIRE 50-OHM ANTENNA 

( for  o = mho/meter) 

Depth of Mine, Fee t  

30 0  600 1000 
(A)  P(wa t t s )  'rms 1 

Lincoln  Mine 9 . 1  1 4100 1 21.6 123000 j 52.6 1140000 
I (high impuls ive no i s e )  , 

Gunn Quealy Mine .074 
(low n o i s e )  

Al len  Mine .19 
(low n o i s e )  

Al len  Mine 2.6  
(h igh  harmonic n o i s e )  

These t r a n s m i t t e r  powers produce a s i g n a l - t o - n o i s e  r a t i o  of 12db over 
t h e  vo i ce  band upon reception under the  s p e c i f i e d  n o i s e  cond i t i ons .  A 
power handl ing  c a p a b i l i t y  of 10-15dh more than  the  average power d i s -  
s i p a t e d  i s  r equ i r ed  i f  l i n e a r  a m p l i f i e r s  a r e  used f o r  vo ice  t ransmis -  
s i o n  ( s e e  t e x t ,  p. 1-13).  

.Arthur D Little, Inc. 
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11. SIGNAL POWER ESTIMATES FOR UPLINK TIIROUGH-THE-EARTH 

Conipnion c a l c u l a t i o n s  t o  those  described i n  t h e  preceding Chapter I 
on downlink through-the-earth communications were performed on t h e  upl ink  
voice  channel,  us ing  a  v e r t i c a l  loop t r a n s m i t t e r .  

A METHOD -OF CALCULATION - 'UPLINK, 'LOOP ANTENNA 

The magnetic f i e l d  a t  the su r face  i s  given by 

I N A  I G \ (1) * 
- - 

I H Z 1  2  nIl3 , v e r t i c a l  component, where I G I  , a s  derived 

by Westinghouse, i s  p l o t t e d  i n  Figure 2-1. Using Figure 2-1 curves of 
I G I / 2f l  D~ versus  frequency f o r  t h ree  mine depths,  with e a r t h  conducti-  
v i t i e s  of 10'2 and loo1 mhos/meter, were p l o t t e d  i n  Figure 2-2. 

The va lue  of the  RMS magnetic moment (Mr,, = NAI,,), requi red  f o r  
a s ignal - to-noise  r a t i o  of 12db between the  v e r t i c a l  components of 
s i g n a l  and no i se  magnetic f i e l d s  a t  the  su r face ,  under a v a r i e t y  of su r -  
f ace  no i se  condi t ions ,  was ca l cu la t ed  f o r  t hese  t h r e e  depths. 
The same l / f  vo ice  spectrum, and the  methods of s ignal - to-noise  computa- 
t i o n  described previous ly  were used. A cur ren t  source f o r  t h e  loop 
was assumed, s o  t h a t  t h e  spectrum l e v e l  of NAI l / f .  As f o r  t h e  
horizontal-wire antenna downlink case ,  c a l c u l a t i o n s  were performed 
only f o r  t h e  more favorable  0 = 1 0 - ~  mhow/meter conduct iv i ty  s i t u a t i o n ,  
commonly found over  c o a l  mines. 

A t  D = 300 f e e t ,  we approximate 

A t  D = 600 f e e t  we approximate 

-8 -.000197f 
= 2 . 5 8 x 1 0  e 

-3 
(meter ) 

2 ~ ~ 3  

A t  D = 1000 f e e t ,  we approximate 

= 5.35 x e-*000454f (meter -3 

2 ~ ~ 3  

* References t o  Figures,  Tables ,  and Equations apply t o  those  i n  t h i s  
Chapter un le s s  otherwise noted. 

Arthur D L.ittle, lnc 



Source: Westinghouse Georesearch Labora tory  (WG L )  

FIGURE 2-1 LOOP ANTENNA, C:OUPLING RELATIONSHIP 
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S i n c e  LG_L is of t h e  a t h e  r e c e i v e d  f i e l d  can  b e  
2 ~ ~ 3  

w r i t t e n  i n  t h e  form 

e -2Bf 
rms 

f 2  

as i n  E q u a t i o n  (8) of  C h a p t e r  I. 

B. NOISE ON THE SURFACE OVER MINES ..-- 
S u r f a c e  Noise  C o n d i t i o n s :  

( a )  A l l e n  Mine ( F i g u r e  2 - 3 ,  Bensema N R S  r e p o r t ) *  60  Hz and 360Hz 
harmonics p r i m a r i l y r v e r t i c a l  component. 

N r m s  = 5 x l o o 4  A/>l ( h i g h  n o i s e )  

( h )  Gunn ( h e a l y  y j n e  F i g u r e  2-4, 60 Hz ha rmonics  and broadband 
background n o i s e ,  v e r t i c a l  component (IJest ingtiouse d a t a )  

' rms = 2.34 x l o o 4  A / M  (medium n o i s e )  

( c )  L i n c o l n  Pline ( F i g u r e  2-5,  Hensema N H S  r e p o r t )  60 Hz harmonics  
p r i m a r i l y ,  v e r t i c a l . c o m p o n e n t  

N r m s  = 1.33 x 1  oW4 A/X ( low n o i s e )  

Broadband n o i s e  l e v e l s  were  n e g l e c t e d  i n  t h e  n o i s e  power c a l c u l a -  
t i o n s ,  whenever t h e  spec t rum l e v e l  a s  s e e n  by a l t lz  bandwidth f i l t e r  was 
( ( / v e r  t h e  i n d i v i d u a l  500 o r  10001Iz wide segments  used  t o  sum n o i s e  
c o n t r i b u t i o n s )  more t h a n  40db below t h e  h i g h e s t  harmolli-c peak l y i n g  
between 500 and 3000Hz. I n  c a s e s  (a) and ( c ) ,  t h i s  c r i t e r i o n  i s  sa t i s -  
f i e d  o v e r  t h e  wtiole o f  t h e  v o i c e  bandwidth ,  whereas  i n  c a s e  ( b )  t h e  
background n o i s e  d o e s  n o t  d r o p  more t h a n  30db below t h e  660M- peak,  and 
hence  h a s  been i n c l u d e d - i n  t h e  n o i s e  computa t ion .  

C. SIGNAL NOISE AND POWER ESTIMATES 

A p l o t  of t h e  l o o p  m a g n e t i c  moment r e q u i r e d  f o r  v o i c e  t r a n s m i s s i o n  
w i t h  a 12db S/N r a t i o  as a f u n c t i o n  o f  c l ep t l~  i s  shown i n  F i g u r e  2-6 .  
Shapes  o f  t h e  s i g n a l  a t t e n u a t i o n  f a c t o r  and v o i c e  spec t rum,  as f u n c t i o n s  
o f  f r e q u e n c y ,  a r e  shown i n  F i g u r e  2-7. The m a g n e t i c  moment r e s u l t s  are 
p r e s e n t e d  i n  T a b l e  2-1. I n  T a b l e s  2-2 and 2-3 t h e  power d i s s i p a t e d  i n  

* Ref .  1-1, NBS R e p o r t  10-739 

Arthur D Little, Inc. 



.A 
(V-  U 

*' a 
a: CK 
el m w  * .  o m  - 

N ' r - - W  
m t- 0 

":: 0 0 
I - .  

Arthur D Little, Inc 



1 000 2000 3000 

Source: Westinghouse Georesearch Laboratory 
Frequency (Hz) 

FIGURE 2-4 EM BACKGROUND NOISE ON SURFACE-VERTICAL COMPONENT, Hz 
GUNN QUEALY M I N E ,  ROCK SPRINGS, WYOMING 
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TABLE 2-1 

REQUIRED LOOP MAGNETIC MOMENT, AMP-METER 
2 

-2 
f o r  a = 10 mho/meterk 

Depth of Mine (Feet)  

300 600 - 1000 
Surface  Noise a t :  

Allen Mine 10,500 94,7 00 547,000 
(harmonics only)  

Gunn Quealy Mine 4,910 44,300 269,000 
(harmorif c s  and 

broadband) 

Lincoln Mine 2,790 

(harmonics on ly)  

*For a s igna l - t o -no i se  r a t i o  of 12db over t h e v o i c e  band upon recept ion .  

2.27 
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TABLE 2-2 

AVXRAGE POWER DISSIPATION AND RMS VOLTAGE AND CURRENT 

I N  UPLINK CIRCULAR LOOP ANTENNA 
-2 

f o r  a = 10 mho/meter* 

Loop: 100 f e e t  pe r iphe ry ,  20 t u r n s  of No. 8 gauge wi re  ( . I285  i n .  diameter)  

Res is tance  R = 1 . 3  ohms; 
Inductance L = 27 m i l l i h e n r i e s ;  
NA = 1460 meter2 

Depth of Mine (Fee t )  
Sur face  Noise Condition 300 - 600 - 1000 - 

I (A) vrms (V) P (Watts) I (A)  v (V) P (W)I (A) V (V) P (W) 
r m s  rms rms r m s  rms - -  -- 

*For a 12db s igna l - t o -no i se  r a t i o  ac ros s  t he  vo i ce  band upon recept ion .  

Arthur D Little, Inc 

390 82,000 200,000 

180 38,000 44,0( 

100 22,000 14,000 

Allen Mine 7.2 1 ,500 6 7 

(11 i g h) 

Gunn Quealy Mine 3.4 690 14.7 
(medium) 

Lincoln Mine 1 .9  400 4.7 
(low) 

65 13,000 5500 

30 6,3ocl2OO 

17 3,500 390 



TABLE 2-3  

AVERAGE POWER DISSIPATED ANL) RMS VOLTAGE AND CURRENT 

I N  UPLINK CIRCULAR LOOP ANTENNA 
-2 

f o r  0 = 10 mholmeter* 

Loop: 100 f e e t  pe r iphe ry ,  10 t u r n s  of No. 2 gauge w i r e  (.2576 i n .  diameter)  

Res is tance  R = 0.12 ohms: 
~ ~ d ~ ~ t ~ ~ ~ ~  L = 6'1 m i l l i h e n r i e s ;  

NA = 730 meter2 

Allen Mine 
(high)  

Gunn Quealy Mine 
(medium) 

Lincoln Mine 
(low) 

- - -  - 

*For a 12db s ig i la l - to -noise  r a t i o  ac ros s  t he  v o i c e  band upon r ecep t ion ,  

Sur face  Noise Condition 
Depth of Mine (Feet)  

300 600 1000 

I 
rms 

v P I v P I 
rms rms rms rms 

v 
r m s  

P 

Arthur D Little, Inc 

(A) (V) (Watts) 

14 690 25 

6 .7  320 5 .4  

3.8 180 1 . 8  

(A) (V) (W) 

130 6,100 2000 

61  2,800 

35 1,600 

(A) (v) (w) 

790 37,000 74,000 

440370  17,000 16,000 

1 4 0 2 1 0  9,800 5,300 



t h e  loop an tenna ,  and t h e  1WS c u r r e n t  and v o l t a g e  under t h e s e  t r ansmis -  
s i o n  c o n d i t i o n s ,  a r e  p r e s e n t e d  f o r  two a l t e r n a t i v e  loop c o n f i g u r a t i o n s  
of r e a s o n a b l e  s i z e .  The RMS v o l t a g e  has  been c a l c u l a t e d  f o r  t h e  case  
where t h e  loop s i g n a l  c u r r e n t  spectrum l e v e l  v a r i e s  a s  l / f ,  s o  t h a t  

v 2  - I (L wiwf) 1 / 2  
rms rms 

where L  i s  t h e  induc tance  of t h e  l o o p ,  and w w a r e  t h e  i n i t i a l  and f i n a l  i' f  
edges  o f  t h e  v o i c e  bandwidth ( i . e . , 5 0 0  and 3000Hz). These d a t a  a r e  a l s o  

p r e s e n t e d  i n  F i g u r e  2-8. Throughout,  a v a l u e  of 10'2 mhos/meter has  been 
assumed f o r  t h e  overburden c o n d u c t i v i t y .  

F i g u r e  2-8 stlows t h a t  t h e  power r e q u i r e d  v a r i e s ,  under t h e  n o i s e  can- 
d i t i o n s  encounte red ,  from e a s i l y  r e a l i z a b l e  l e v e l s  of up t o  around 100 
w a t t s  f a r  mine d e p t h s  i n  t h e  range of 300 t o  600 f e e t ,  t o  t h e  v e r y  high 
v a l u e s  of s e v e r a l  hundred k i l o w a t t s  f o r  t h e  deepes t  mines (1000 f e e t )  
under  t h e  wors t  n o i s e  c o n d i t i o n s .  

Two t r a n s m i t t e r  loop c o n f i g u r a t i o n s  were chosen wi th  a view t o  
keeping t h e  d iamete r  of t h e  conductor  "bundle" roughly  c o n s t a n t .  The 
weight  i n c r e a s e d  a p p r e c i a b l y  from 100 l b s  i n  loop  ( a ) ,  t o  150 l b s  i n  
loop ( b ) .  It is  c l e a r  t h a t  s i z a b l e  r e d u c t i o n s  i n  power can be ach ieved  
by c a r e f u l  d e s i g n  of t h e  loop an tenna ,  bu t  a  more thorough i n v e s t i g a t i o n  
i s  needed w i t h  p r o p e r  we igh t ing  g iven  t o  f a c t o r s  such a s  we igh t ,  volume, 
a r e a ,  and c o s t .  These g a i n s  may, however, n o t  be s u f f i c i e n t  t o  actl leve 
s a t i s f a c t o r y  v o i c e  t r a n s m i s s i o n  from t h e  d e e p e s t  mines under  t h e  w o r s t  
s u r f a c e - n o i s e  c o n d i t i o n s ,  because of t h e  p r a c t i c a l  l i m i t a t i o n s  imposed 
on a  s u b s u r f a c e  sys tem compared w i t h  a  s u r f a c e  i n s t a l l a t i o n .  Rut a s  i n  
t h e  doxmlink c a s e ,  s i g n i f i c a n t  g a i n s  may be p o s s i b l e  bv s e l e c t i v e l y  
r e j e c t i n g  t h e  wors t  harmonic c o n t r i b u t i o n s  by 8. s e r i e s  of no tch  f i l t e r s ,  
and t h e  use  of pre-emphasis  and p e a k - c l i p p i n g  t e c h n i q u e s  on t r a n s m i s s i o n .  
F u r t h e r  d i s c u s s i o n  of t h e s e  t e c h n i q u e s  may b e  found i n  Chap te r s  I V ,  V ,  
and VI of t h i a  P a r t .  

Arthur D Little, Inc 



FIGURE 2-8 AVERAGE POWER DISSIPATED I N  LOOP FOR 12db S/N 
OVER VOICE BANDWl DTH AT SURFACE (Uplink Transmission) 

Arthur D L.i t tle Inc. 



111. SPOT SIN RATIO ESTIMATES FOR UPLINK AND DOWNLINK THROUGH-THE-EARTH 
NARROWBAND CODE COMMUNICATIONS 

Es t imates  of t h e  s p o t  s ignal- to-noise  r a t i o  (SIN) were made a s  a  
func t i on  of f requency f o r  a  v a r i e t y  of in-mine and s u r f a c e  n o i s e  condi- 
t i o n s  l i k e l y  t o  be encountered by narrowband code communications systems 
between mines and t h e  s u r f a c e .  Both up l i nk  and downlink through-the- 
e a r t h  channels  were t r e a t e d .  The s p o t  SIN r a t i o  i s  def ined  a s  

S - - Signa l  Power 
(E) s p o t  ( ~ o i s e  Power Densi ty  1 

where t h e  s i g n a l  (S) i s  expressed  i n  u n i t s  of amplmeter, and t h e  broadband 
n o i s e  d e n s i t y  (N) i n  u n i t s  of amp/meter p e r  6. These c a l c u l a t i o n s  have 
been c a r r i e d  o u t  w i th  t h e  l i m i t e d  a v a i l a b l e  n o i s e  d a t a ,  t o  p rov ide  pre- 
l im ina ry  e s t i m a t e s  of performance t r e n d s  and l i m i t a t i o n s  t o  be  expected 
f o r  low-frequency narrowband code communications systems,  and t o  h e l p  
i d e n t i f y  r e l a t e d  d a t a  gaps o r  l i m i t a t i o n s .  Narrowband systems a r e  of 
i n t e r e s t  t o  t h e  Bureau of Mines because of t h e  p o s s i b i l i t y  of  o b t a i n i n g  
code communication under c i rcumstances  where voiceband communication may 
be  i n e f f e c t i v e  (e .g . ,  i n  h igh  n o i s e  and/or  h igh  s igna l - a t t enua t i on  con- 
d i t i o n s )  . 
A. SIGNAL AND NOISE PLOTS 

Figures  3-1 and 3-2 show, r e s p e c t i v e l y ,  t h e  s i g n a l  f i e l d  s t r e n g t h s  
a t  t h e  r e c e i v e r  f o r  a  downlink hor izonta l -wi re  antenna w i th  a  c u r r e n t  of 
1 ampere (50 w a t t s  f o r  t h e  50-ohm antenna of  Chapter I ,  and an up l ink  
loop  antenna w i th  a  c u r r e n t  of 1 ampere and a  magnetic moment of 1460 
amp-meter2 (1 .3  w a t t s  f o r  t h e  20-turn loop of Chapter 11 ) .  Ths s i g n a l s  
( i . e . ,  t h e  v e r t i c a l  and h o r i z o n t a l  magne t ic - f ie ld  components, d i r e c t l y  
above t h e  loop  o r  below t h e  w i r e  an tenna ,  r e s p e c t i v e l y )  a r e  p l o t t e d  a t  
t h r e e  mine depths  (300, 600, and 1000 f e e t )  f o r  r e p r e s e n t a t i v e  over- 
burden c o n d u c t i v i t i e s  and 10-I  mhoslmeter) . Figures  3-3 and 3-4 
a r e  p l o t s  of t h e  broadband n o i s e  d e n s i t y  bo th  i n  t h e  mine and on t h e  
s u r f a c e  r e s p e c t i v e l y ,  f o r  a  v a r i e t y  of  cond i t i ons .  These data** a r e  
t aken  from W.D. Bensema's NBS r e p o r t ,  WGL measurements, and some atmos- 
p h e r i c  n o i s e  measurements on t h e  s u r f a c e  i n  F l o r i d a  (un re l a t ed  t o  any 
mining a c t i v i t y )  r epo r t ed  by J .  E. Evans i n  M.I.T. L inco ln  Laboratory 
Technica l  Note 1969-18, March 1969. F igures  3-5, 3-6, 3-7, 3-8, 3-9, 
3-10, 3-11, 3-12, and 3-13 p re sen t  t h e  o r i g i n a l  d a t a  p l o t s .  I n  a  m a j o r i t y  
of  t h e  at-mine c a s e s ,  v e r t i c a l  n o i s e  components a r e  shown, s i n c e  most 
measurements have been taken  of t h e s e .  Some in-mine measurements of 
broadband h o r i z o n t a l  n o i s e  components (F igures  17 and 1 8  o f  Bensema's 
NBS r e p o r t ) t g i v e  r e s u l t s  n o t  very  d i f f e r e n t  from t h e  low v e r t i c a l  broad- 
band n o i s e  component p l o t t e d  from Figure  14  of Bensema's work, i n  
F igu re  3-8 of t h i s  Chapter.  It is reasonable  t o  suppose t h a t  broad- 
band h o r i z o n t a l  n o i s e  is  l i k e l y  t o  be  no h i g h e r  than  t h e  wors t  broadband 
v e r t i c a l  n o i s e  i n  t h e  mine. 

* References  t o  F igu re s ,   table.^, and Equations apply t o  t hose  i n  t h i s  
Chapter  u n l e s s  o the rwi se  no t ed .  

** Adjusted t o  a 1 Hz bandwidth. 

t Ref. 1-1, NBS Report 10-739. 

> ,  
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FIGURE 3-12 EM BACKGROUND NOISE ON SURFACE-VERTICAL COMPONENT, Hz 
GUNN OUEALY MINE, ROCK SPRINGS, WYOMING 
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It is  apparen t  from Figures  3-3 and 3-4 t h a t  i n  s e v e r a l  i n s t a n c e s  
t h e  broadband n o i s e  d e n s i t y  has  n o t  been p l o t t e d  down t o  t h e  mintmum 
frequency a t  which n o i s e  measurements were made. For o u r  p l o t t i n g  pur -  
p o s e s ,  c u t - o f f  f r e q u e n c i e s  were chosen because  of two f a c t o r s  which can 
s i g n i f i c a n t l y  d i s t o r t  very- low-frequency broadband n o i s e  e s t i m a t e s  made 
from t h e  hBS and WGL p l o t s .  These can be i l l u s t r a t e d  by r e f e r e n c e  t o  
Bensema's work. F i r s t ,  i n  t h e  p resence  of a h i g h - l e v e l  harmonic ( p a r t i c u -  
l a r l y  6011~ and 180Hz), t h e  c h a r a c t e r i s t i c s  of t h e  a n a l y s i s  f i l t e r  used 
a r e  such t h a t  t h e  p l o t t e d  l e v e l  of t h e  n o i s e  " f loor"  between harmonics 
may be r a i s e d  s i g n i f i c a n t l y  above i t s  a c t u a l  va lue .  Secondly,  a s  i s  
a p p a r e n t  from t h e  system t e s t  w i t h  t h e  an tenna  d i sconnec ted  ( F i g u r e  15,  
~ e n s e m a ) ,  t a p e  r e c o r d e r  n o i s e  r i s e s  s t e e p l y  below 100Hz, and may s e v e r e l y  
c o ~ ~ t a m i n a t e  low-frequency broadband n o i s e  measurements under some condi -  
t i o n s .  Broadband n o i s e  l e v e l s  between harmonic peaks a t  v e r y  low 
f r e q u e n c i e s  ( e . ~ .  , below 250Hz o r  s o ) ,  p r e s e n t e d  by NBS and WGL, may 
t h e r e f o r e  r e p r e s e n t  upper l i m i t s ,  t h a t  a r e  p o s s i b l y  lOdb o r  more above 
t h e  a c t u a l  broadband n o i s e  f l o o r .  Nore -ca re fu l  measurements, o r  
r e p r o c e s s i n g  of e x i s t i n g  n o i s e  r e c o r d i n g s ,  a r e  r e q u i r e d  h e f o r e  t h e s e  low- 
f requency  u n c e r t a i n t i e s  can be removed. 

H .  SPOT SIGNAL-TO-NOISE RATIOS 

The s p o t  s i g n a l - t o - n o i s e  r a t i o s  f o r  t h e  t r a n s m i t t e r  an tennas  and 
n o i s e  c o n d i t i o n s  j u s t  d e s c r i b e d  a r e  p l o t t e d  i n  F igures  3-14 and 3-15 f o r  
t h e  downlink and i n  F i g u r e s  3-16 and 3-17 f o r  t h e  u p l i n k  channels .  I n  
each  c a s e ,  two v a l u e s  of overburden c o n d u c t i v i t y  have been used 1~11ich 
r e p r e s e n t  moderate and h i g h  v a l u e s  (10'2 and 10'1 mhos/meter) f o r  c o a l  
mine r e g i o n s .  

F i g u r e s  3-15 and 3-17 r e v e a l  t h a t ,  f o r  both  t h e  u p l i n k  and down- 
l i n k  channe l s ,  t h e  optimum frequency f o r  narrowband code communication 
systems f o r  t h e  d e e p e s t  mines under  c o n d i t i o n s  of h igh  e a r t h  c o n d u c t i v i t v  
(10'1 mhos/meter) l ies  c o n s i d e r a b l y  below 1kHz. A t  a  d e p t h  of 1,000 f e e t ,  
a  f requency  on t h e  o r d e r  o f  lOOHz seems optimum. A t  a dep th  of 
o n l y  300 f e e t  t h e r e  i s  l i t t l e  v a r i a t i o n  i n  t h e  s p o t  s i g n a l - t o - n o i s e  r a t i o  
over  f r e q u e n c i e s  i n  t h e  range  between 100 and 500Hz. The downlink channel  
c a l c u l a t i o n  a t  moderate e a r t h  c o n d u c t i v i t y  (1 om2 mhoslmeter)  , shown i n  
F igure  3-14 i n d i c a t e s  t h a t  a f requency  n e a r  lOOOHz would be b e t t e r  than  - 

one i n  t h e  100-500Hz range.  However, i n  a l l  excep t  t h e  h i g h e s t  n o i s e  
c a s e s  f o r  deeper  mines ( i . e . ,  Lincoln  Mine n o i s e  a t  600 and 1 ,000 f e e t ) ,  
good s p o t  s i g n a l - t o - n o i s e  r a t i o s  of lOdb o r  more a r e  p r e d i c t e d  down t o  ,2 
f requency of 200Hz. Note t h a t  t h i s  r e f e r s  t o  a  h o r i z o n t a l - w i r e  an tenna  
w i t h  a  c u r r e n t  of 1  ampere. A c u r r e n t  of 4  amperes would p r o v i d e  a  10db 
s p o t  s i g n a l - t o - n o i s e  r a t i o  a t  20OHz even a t  1,000 f e e t ,  under  even 
~ i n c o l n - ~ i n e  h i g h - n o i s e  c o n d i t i o n s .  The u p l i n k  channel  c a l c u l a t i o n ,  
shown i n  F i g u r e  3- 16,  a t  moderate  e a r t h  c o n d u c t i v i t y  (1 0-2 mholmeter) 
demons t ra tes  less s e n s i t i v i t y  t o  f requency than  t h e  downlink c a s e ,  and 
f r e q u e n c i e s  i n  t h e  range  of 100 t o  lOOOHz appear  about  e q u a l l y  , 
s a t i s f a c t o r y .  

Arthur D Little, Inc. 
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The spot signal-to-noise ratjos plotted for Evans' noise measure- 
ments in Figures 3-16 and 3-17 are probably representative of the range 
of expected performance on the surface when broadband man-made noise is 
not dominant; the Florida Winter curve is characteristic of the cases 
when thunderstorms are distant, and the Florida Summer curve is character- 
istic of times of intense local thunderstorm activity. For communication 
via the vertical signal component, the S I N  estimates are probably 12 to 20db 
too pessimistic, because the horizontal noise components (which are 
larger than the vertical) were used in the calctilations. On the other 
hand, for EM location systems*that depend on detecting and locating a 
null in the horizontal component of signal magnetic field, the S/N curves 
are probably more than 30db too optimistic, because horizontal signal 

null depths can be more than 50db below, the vertical component signal 

strength directly above a loop signal source. 

C . CONCLIJDING REMARKS 

A generalized tentative conclusion is that frequencies on the order 
of 100 to 500Hz appear attractive for the design of narrowband code 
through-the-earth communications systems to cover a wide variety of mine 
depths,conductivities, and noise conditions. This holds for both uplink 
and downlink channels, and particularly under conditions of high-signal 
attenuation and high noise. The limited noise data available indicate 
that even for deep (1,000 ft) mines with high noise and conductivity, 
more-than-adequate signal-to-noise levels should be attainable for 
narrowband code systems with practical signal sources operating at 100 
to 50011~. However, for moderate conduc~tivity mines, the data indicate 
that frequencies up to about 1-to-2kHz .may provide improved performance. 

If high conductivity, deep mine conditions assume a high priority, 
more accurate measurement of the broadband-noise power spectral density 
and/or processing of existing noise recordings at very low frequencies 
will be required to obtain more exact estimates of the noise 
densities; so that optimum frequencv bands for narrowband code communi- 
cations systems can be identified and selected with a higher degree of 
confidence. Since broadband man-made 'nd atmospheric noise contribu- 
tions are also nonstationary and non-Ca.ussian, it is important to obtain 
and utilize noise amplitude and time statistics, so that full advantage 
can be taken of existing methods for optimizing digital signaling in 
such noise environments. 

This discussion has not touched on ways in which it may be possible 
to take advantage of certain broadband noise characteristics to improve 
the performance of narrowband code cominunications systems. For example, 
when broadband noise is highly impttlsive in nature (which can be deter- 
mined by observation and by measuring aLmplitude and time-interval exceed- 
ance probabilities), then it may be pra.ctica1 to use wideband-limiting 

* Breadboard and prototype EM detectionllocation systems for trapped miners 
have been developed and tested for the Bureau of Mines by Westinghouse 
Georesearch Laboratory on Contract H0232043. In addition a miniaturized 
waveform generator is being developed for pre-production versions of the 
miner-carried EM location transmitter by Collins Radio Co. under Contract 
H0133045. 

2.51 Arthur D Little, Inc. 



or other impulsive-noise-discrimination techniques to good advantage. 
Some of these techniques mag not be usable in the presence oE strong 
harmonic interference, but clearly they merit further investigation 
concerning their applicability and possible application. 
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I V .  EFFECTS OF DIFFERENTIATION ON BASEBAND VOICE SIGNALS TRANSMITTED 
THROUGH THE EARTH FROM THE SURFACE TO MINES (DOWNLINK) 

This  Chapter of P a r t  Two con t a in s  an ex t ens ion  of work on t h e  down- 
l i n k  t r ansmis s ion  of baseband v o i c e  s i g n a l s  from t h e  s u r f a c e  t o  mines,  
a s  de sc r ibed  i n  Chapter I. Ca lcu l a t i ons  a r e  p resen ted  of t h e  e f f e c t  on 
t h e  s ignal- to-noise  r a t i o  a c r o s s  t h e  500Hz t o  3kHz band of d i f f e r e n t i a -  
t i n g  t h e  v o i c e  s i g n a l  a t  t h e  t r a n s m i t t e r ,  and d i f f e r e n t i a t i n g  bo th  t h e  
s i g n a l  and t h e  n o i s e  on r e c e p t i o n ,  i nc lud ing  t h e  i n f l u e n c e  of  t h e  r e c e i v e  
loop.  (Chapter I conta ined  c a l c u l a t i o n s  of t h e  r a t i o  of  t h e  RMS s i g n a l  
t o  RMS n o i s e  magnet ic  f i e l d . )  The e f f e c t  of  t h e  overburden is  e s s e n t i a l l y  
t o  i n t e g r a t e  t h e  t r a n s m i t t e d  s i g n a l ,  i . e . ,  f avo r  lower frequency components. 

A s  d i s cus sed  i n  Chapter I ,  spectrurn shaping techniques  should be  
examined, i n  o r d e r  t o  determine whether s i g n i f i c a n t  i n c r e a s e s  i n  t h e  
i n t e l l i g i b i l i t y  of vo i ce  communications can thereby  be ob t a ined ,  which 
w i l l  enab l e  reasonably  i n t e l l i g i b l e  communication t o  b e  achieved a t  
p r a c t i c a l  power l e v e l s  even t o  deep mines (1000 f e e t )  under h igh  n o i s e  
cond i t i ons .  

A. RECEIVE LOOP OUTPUT 

The induced v o l t a g e  i n  t h e  loop  can be w r i t t e n  

V = jwany H v o l t s  
0 

where a  is  t h e  a r e a ,  and n t h e  number of t u r n s  i n  t h e  loop.  ' Hence, t h e  RMS 
s i g n a l  v o l t a g e  is 

2 vS = 8n x 1 0 - ~  
r m s  

3000 f 2 ~ 2  ( f )  df 'I2 
an "500 

Assume n = 1, a = 1 meter2, and cons ider  t h e  fo l lowing  ca se s .  

(a)  Transmit ted S i g n a l  as i n  Chapter I, i . e . ,  w i th  t h e  same 
n o t a t i o n  

* References  t o  F igu re s ,  Tab l e s ,  and Equat ions  apply  t o  t hose  i n  t h i s  
Chapter  u n l e s s  o therwise  no ted .  

Arthur D l,ittle, Inc. 
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-2 
For a = 10 mhoslmeter, i t  fol lows t h a t :  

D e ~ t h  D. f e e t  

Table  4-3 

2 .  Noise 

The d i f f e r e n t i a t i o n  by t h e  r ece ive  ltoop a f f e c t s  t h e  n o i s e  ou tpu t  
a s  fo l lows;  u s ing  a loop wi th  a and n s e t  e q u a l  t o  lm2 and 1 r e s p e c t i v e l y  
a s  above, and t h e  n o i s e  d a t a  of Chapter I, we g e t :  

(a) Harmonic Noise Components 

vn rms = 8 r 2 x 1 0  -7 /> I: f i  hi (9) 
i 

Al l en  Mine, Colorado - W.D. Bensema (NBS measurements)* 

2 -7 vn = 871 x 10 x 0.07 v o l t s  (low harmonic n o i s e ,  F igure  16) rms 
2 -7 vn = 871 x 10 x 1 .03  v o l t s  (high harmonic n o i s e ,  F igure  23) 

rms 

(b) Noise P r imar i l y  Broadband 1:mpulsive 

2 -7 vn = 871 x 10 N1 [ /  
3000 f 2  .-2N2f 

r m s  
df l1I2 

500 

Lincoln  Mine, Colorado - Figure 30 Bensema's Report 

N1 = 0.000316; N2 = 0.00115 

s o  t h a t  
2 -7 vn = 8r  x 10 x 3.75 v o l t s  rms 

* Ref. 1-1, NBS Report  10-739. 

Arthur D Little, Inc. 



B .  RECEIVE LOOP OUTPUT DIFFERENTIATED 

D i f f e r e n t i a t i n g  t h e  r e c e i v e d  s i g n a l  and n o i s e  once upon r e c e p t i o n ,  i n  a d d i t i o n  
t o  t h e  d i f f e r e n t i a t i n g  e f f e c t  of t h e  r e c e i v e  l o o p ,  p rov ides  g r e a t e r  emphasis 
t o  t h e  h i g h e r  f r e q u e n c i e s  of t h e  n o i s e  and s i g n a l  s p e c t r a .  

1. S i g n a l  and Noise 

The RMS s i g n a l - t o - n o i s e  r a t i o  may t h e n  b e  w r i t t e n  

where 

*rms 
= f  h (harmonic n o i s e )  

4 -2N f 
= N~ [I f  e 2 d f I1 l2  (broadband n o i s e  of t h e  t y p e  (14) 

cons idered  b e f o r e )  

(a )  Transmi t t ed  S i m a l  as i n  Chapter  I 

We w i l l  assume t h a t  t h e  o r i g i n a l  t r a n s m i t t e d  s i g n a l  is  t h e  l / f  
approximat ion t o  t h e  v o i c e  spectrum,  s o  t h a t  

S I A ~  

C . SIGNAL-TO-NOISE RATIO CALCULATIONS 

C a l c u l a t i o n s  of t h e  s i g n a l - t o - n o i s e  v o l t a g e  r a t i o  f o r  examples of t h e  
s i t u a t i o n s  d i s c u s s e d  above a r e  p resen ted  i n  Table  4-4 ( o  = mhos/meter) .  

The v a l u e s  of t h e  c o n s t a n t s  S o ,  S1, and S2 a r e  chosen s o  t h a t  t h e  RMS c u r r e n t ,  
and t h e r e f o r e  power, i n t o  t h e  w i r e  an tenna  i s  e q u a l  t o  i t s  v a l u e s  i n  Chapter  I 
under  t h e  same n o i s e  c o n d i t i o n s .  These were c a l c u l a t e d  t o  y i e l d  an RMS s i g n a l -  
to -no i se  magnet ic  f i e l d  r a t i o  of 4 (16 i n  terms o f  power o r  12db) .  F i g u r e  4-1 
shows t h e  e f f e c t  of r e c e i v e  loop d i f f e r e n t i a t i o n  on t h e  e a r t h  a t t e n u a t i o n  
response  and on an example of a broadband n o i s e  spectrum.  F i g u r e  4-2 demons t ra tes  
t h e  shape  of t h e  o r i g i n a l  and d i f f e r e n t i a t e d  v o i c e  s p e c t r a  a s  t r a n s m i t t e d  and 
r e c e i v e d  a t  one s e l e c t e d  mine d e p t h ,  keep ing  t h e  power f e d  i n t o  t h e  an tenna  
c o n s t a n t  . 
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4 O =  looof 

( 1 A )  Receive L o o p  Response Appl ied t o  Ear th  A t tenua t i on  Response 

(1B)  Receive L o o p o u t p u t  
( f o r  1 / f  voice spectrum inpu t )  

L L 300' 

- ______ 6 0 0  ) Receive L o o p  
Signal 
Spectrum 
Shape - 

- 

- 

- 
* L inco ln  M i n e  

Impulsive Noise (Fig.  30, Bensema) 

I  I 1  I  1  I I l l  I  I I I  I  I l l .  

1 0 0  1 0 0 0  10,000 
Frequency, Hz 

FIGURE 4-1 EFFECTS OF RECEIVE LOOP DIFFERENTIATION ON THE EARTH ATTENUATION 
RESPONSE AND ON A BROADBAND NOISE SPECTRUM, One-Turn Receive Loop, 
Area 1 ~ e t e r ~ ,  Long-Wire Transmit Antenna, 1 amp. Current, a = mhoslmeter 
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Original Voice Spectrum - Transmitted Signal 

f1 Spectra: 
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FIGURE 4-2 SHAPES OF ORIGINAL AND TRANSMITTED VOICE SPECTRA 
DOWNLINK: WIRE ANTENNA, o = mholmeter 
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D. DISCUSSION 

The r e s u l t s  shown i n  Table 4-4 i n d i c a t e  t h a t  i n  deep mines o r  ove r  long  
through-the-earth communications pa th s ,  t h e r e  i s  no th ing  t o  be ga ined ,  
and indeed something t o  be l o s t  by d i f f e r e n t i a t i o n  e i t h e r  b e f o r e  t r a n s -  
miss ion o r  upon r e c e p t i o n  o r  bo th .  On t h e  o t h e r  hand, a t  l e s s e r  mine 
dep ths  (300-600 f e e t ) ,  t h e  s igna l - to -no ise  r a t i o  is inc rea sed  s i g n i f i c a n t l y  
by d i f f e r e n t i a t i o n  bo th  b e f o r e  t ransmiss ion  and upon r ecep t ion .  Hence, 
under t h e s e  c i rcumstances ,  i t  may be p o s s i b l e  t o  use  d i f f e r e n t i a t i o n  t o  
reduce power requirements  f o r  communications, and t hus  use  l e s s  expensive 
c o m u n i c a t i o n s  gea r  t han  would o therwise  b e  t h e  case .  It should b e  
po in ted  ou t  t h a t  t h e  depth a t  which d i f f e r e n t i a t i o n  w i l l  l o s e  i t s  e f f e c -  
t i v e n e s s  w i l l  be  a f u n c t i o n  of t h e  conduc t iv i t y  of t h e  overburden, which 
i n  t h e s e  c a l c u l a t i o n s  ha s  been f i x e d  a t  mhoslmeter. 

Thus f a r  i n  t h e  d i s cus s ion ,  i t  has  been assumed t h a t  t h e  t o t a l  s i gna l - t o -  
n o i s e  r a t i o  over  t h e  voiceband is t h e  measure of "goodness" o r  i n t e l l i g -  
i b i l i t y  of a rece ived  v o i c e  s i g n a l .  I n  f a c t  t h e  i n t e l l i g i b i l i t y  of  a 
vo i ce  s i g n a l  is a somewhat more s u b t l e  and complex phenomenon than  can 
be  expla ined  by t h i s  s t r a i g h t f o r w a r d  c r i t e r i o n .  I n  t h e  work immediately 
fo l lowing  we d e s c r i b e  and e v a l u a t e  i n d i c i e s  of t he  i n t e l l i g i b i l i t y  of  
speech which enab l e  more r e a l i s t i c  e s t i m a t e s  of  t h e  e f f e c t i v e n e s s  of a 
vo i ce  communications system t o  be genera ted .  

. ,.', 
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V. INTELLIGIBILITY OF THROUGH-TAE-EARTR ELECTROMAGNETIC COMMUNICATIONS 
TO NINl3S (DOWNLINK) 

Previous work i n  t h i s  r epor t  has  presented ca lcu la t ions  of t h e  est imated power 
requ i rements  f o r  through-the-ear th  e1ect:romagnetic communications sys tems f o r  
v a r i o u s  n o i s e  c o n d i t i o n s  and mine s i t u a t i o n s ,  u s i n g  t h e  s i m p l e  c r i t e r i o n  of  a  
12 dB speech s i g n a l - t o - n o i s e  r a t i o  a c r o s s  t h e  voiceband of  500 t o  3,000Hz a s  
an i n d i c a t o r  of "accep tab le  q u a l i t y "  of connnunication. However, t h e  s i g n a l - t o -  

n o i s e  r a t i o  does  n o t  p r o v i d e  a  meaningful  index  t o  t h e  i n t e l l i g i b i l i t y  of 
speech t o  b e  expec ted  under  widely  d i f f e r i n g  n o i s e  c o n d i t i o n s .  For example,  
h igh  n o i s e  i n t e n s i t i e s  above a  c e r t a i n  l e v e l  produce a  p r o p o r t i o n a t e l y  g r e a t e r  
degree  of masking; a l s o  masking a t  any one p o i n t  on t h e  f requency s c a l e  can b e  
a f f e c t e d  by bands of n o i s e  a t  h i g h e r  o r  lower f r e q u e n c i e s .  Hence, i n  d e s i g n i n g  
a  v o i c e  communication sys tem,  i t  is e s s e n t i a l  t o  u s e  a more broadly-based 
c r i t e r i o n  f o r  i n t e l l i g i b i l i t y ,  o r  t h e  e x t e n t  t o  which l i s t e n e r s  c o r r e c t l y  per-  
c e i v e  t h e  i n t e n d e d  messages. S ince  t h e  p e r c e p t i o n  of  speech i s  a  p s y c h o l o g i c a l  
problem, p r e c i s e  q u a n t i t a t i v e  p rocedures  cannot  p rov ide  f o r  a l l  p o s s i b i l i t i e s  
i n  communications sys tems .  N e v e r t h e l e s s ,  by a p p r o p r i a t e  t e s t  p rocedures ,  good 
r e s u l t s  can b e  o b t a i n e d  f o r  most communi.cations sys tems on t h e  e f f e c t s  of a  
number of  sys tem paramete rs .  

A. BACKGROUND 

A common procedure  i s  t o  measure t h e  p e r c e n t a g e  of words o r  i n d i v i d u a l  speech 
sounds u t t e r e d  by a  t a l k e r  which a r e  p e r c e i v e d  c o r r e c t l y  by most l i s t e n e r s ,  
u s i n g  f o r  example,  a  set of p h o n e t i c a l l y  ba lanced  word l i s t s .  The p e r c e n t a g e  
of words h e a r d  c o r r e c t l y  i s  termed p e r c e n t  word a r t i c u l a t i o n .  

From t h e  r e s u l t s  o b t a i n e d  i n  such  exper iments  and i n f o r m a t i o n  on t h e  n a t u r e  o f  
speech and h e a r i n g ,  i t  h a s  been p o s s i b l e  t o  deve lop  methods f o r  computing from 
a c o u s t i c a l  measurements a  measure t h a t  i s  h i g h l y  c o r r e l a t e d  w i t h  t h e  i n t e l l i -  
g i b i l i t y  of  speech a s  e v a l u a t e d  by speech p e r c e p t i o n  tests. This  measure,  t h e  
A r t i c u l a t i o n  Index (AI) i s  a weighted f r a c t i o n  which r e p r e s e n t s ,  f o r  a  g iven  
speech channe l  and n o i s e  c o n d i t i o n ,  t h e  e f f e c t i v e  p r o p o r t i o n  of t h e  normal 
speech s i g n a l  which i s  a v a i l a b l e  t o  a  l i s t e n e r  f o r  conveying speech i n t e l l i -  
g i b i l i t y .  The A 1  i s  computed from measurements o r  e s t i m a t e s  of t h e  speech 
spectrum and of  t h e  e f f e c t i v e  masking spectrum o f  n o i s e  t h a t  may b e  p r e s e n t  
a t  t h e  e a r  o f  t h e  l i s t e n e r .  

S e v e r a l  methods a r e  a v a i l a b l e  f o r  c a l c u l a t i n g  A I ,  t h e  most a p p r o p r i a t e  one b e i n g  
dependent upon t h e  p a r t i c u l a r  s i t u a t i o n  b e i n g  e v a l u a t e d .  A I ' s  g i v e  r e a s o n a b l e  
p r e d i c t i o n s  o f  t h e  e f f e c t s  of  broadband con t inuous  spectrum n o i s e ,  and of bands 
of n o i s e  a s  narrow a s  200 Hz, i n  t h e  f requency range  from about  200Hz t o  6kHz. 
When t h e  n o i s e  i s  n o t  s t e a d y  s t a t e ,  b u t  its "duty cyc le"  o r  " b u r s t i n e s s "  is  
known, c o r r e c t i v e  f a c t o r s  may b e  a p p l i e d  t o  t h e  A 1  computed a s  i f  t h e  n o i s e  were 
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s teady  s t a t e .  A I ' s  may be  converted t o  est imated speech i n t e l l i g i b i l i t y  s co res  
(based p r i n c i p a l l y  upon male t a l k e r s )  by u s e  of Figures-1." It should be noted 
t h a t  no s i n g l e  A 1  va lue  can be s p e c i f i e d  a s  a c r i t e r i o n  f o r  an "acceptablet1 
q u a l i t y  of communications. The e f f i c i e n c y  of communications i s  a func t ion  of 
t h e  messages t o  be t r ansmi t t ed ,  inc luding  t h e  s i z e  of message set, and t h e  
prof ic iency  of t h e  t a l k e r s  and l i s t e n e r s  involved. Furthermore, "acceptable 
q u a l i t y "  must be  e s t a b l i s h e d  i n  terms of minimum l e v e l  of i n t e l l i g e n c e  and 
grade of s e r v i c e ,  which vary from app l i ca t ion  t o  app l i ca t ion .  

A R T I C U L A T I O N  INCLX 

FIGURE 5-1 RELATION BETWEEN Al  AND VARIOUS MEASURES 
OF SPEECH INTELLIGIBILITY (REF. 1) 

Two c r i t e r i a  of a c c e p t a b i l i t y  a r e  presented here :  

( a )  D i sc re t e  word and sentence  i n t e l l i g i b i l i t y  expected, inc luding  
p re se rva t ion  of s u f f i c i e n t  t o n a l  q u a l i t y  t o  permit r ecogn i t i on  
of t h e  p a r t i c u l a r  vo ice  and t r a n s i e n t  emotions of t h e  speaker  
(corresponding e s s e n t i a l l y  t o  pub l i c  te lephone s e r v i c e  requi re -  
ments).  

(b) D i sc re t e  word i n t e l l i g i b i l i t y  i s  d e s i r a b l e ,  b u t  sen tence  
i n t e l l i g i b i l i t y  may be  acceptab le .  Recognition of a p a r t i -  
c u l a r  vo ice  o r  t o n a l  q u a l i t y  is not  e s s e n t i a l .  

C r i t e r i o n  (b) i s  probably c l o s e  t o  t h a t  app ropr i a t e  f o r  mine communications 
systems. 

("K.D. Kryter, J. Acoust. Soc. Am. 34 (1962) 1689-93. 
* References t o  F igures ,  Tables ,  and Equations apply t o  those  i n  t h i s  

Chapter un le s s  o therwise  noted .  
2.62 
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N a t u r a l l y ,  i t  is  a l s o  p o s s i b l e  t o  measure d i r e c t l y  t h e  i n t e l l i g i b i l i t y  
performance of a given communications system, by a r t i c u l a t i o n  tests 
s i m i l a r  t o  t h e  ones de sc r ibed  above, c a r r i e d  o u t  i n  cond i t i ons  simula- 
t i n g  normal use  of  t h e  communications equipment. These t e s t s ,  because 
o f  uncon t ro l l ab l e  v a r i a b l e s  i n  t h e  environment,  t a l k e r ,  and l i s t e n e r s  
r e q u i r e  very  c a r e f u l  des ign  t o  permi t  a s t a t i s t i c a l  test  f o r  s i g n i f i -  
cance.  

B.  ARTICULATION INDEX: METHOD OF COMPUTATION 

A b a s i c  method f o r  computing A I 1 s  which seems t o  be a p p l i c a b l e  under 
many of t h e  c i rcumstances  r e l e v a n t  t o  c o a l  mine communications is  t h e  
20-band method ( 2 ) .  This  i s  based on measurements o r  e s t i m a t e s  of  t h e  
spectrum l e v e l  of  t h e  speech and n o i s e  p r e s e n t  i n  each of twenty con- 
t iguous  bands of  f r equenc i e s  t h a t  c o n t r i b u t e  e q u a l l y  t o  speech i n t e l -  
l i g i b i l i t y  a t  equa l  s igna l - to -no ise  r a t i o s .  

These bands a r e  g iven  i n  Table 5-1. Note t h a t  t h e  c o n t e n t s  of  t h i s  
t a b l e  and t h e  fo l lowing  d i s cus s ion  r e f e r  t o  male vo i ce s .  

Band No. L imi t s  Mid-Frequency Band No. L imi t s  Mid-Frequency 

1 200 t o  330 cps  270 cps  11 1660 t o  1830 cps  1740 cps  
2 330 t o  430 380 12 1830 t o  2020 1920 
3 430 t o  560 490 13  2020 t o  2240 2130 
4 560 t o  700 6 30 1 4  2240 t o  2500 2370 
5 700 t o  840 770 15 2500 t o  2820 2660 
6 840 t o  1000 920 16 2820 t o  3200 3000 
7 1000 t o  1150 1070 17 3200 t o  3650 3400 
8 1150 t o  1310 1230 1 8  3650 t o  4250 3950 
9 1310 t o  1480 1400 19 4250 t o  5050 4650 

10  1480 t o  1660 15 70 20 5050 t o  6100 5600 

Table 5-1 : Twenty Frequency Bands of  Equal Con t r i bu t i on  
t o  Speech I n t e l l i g i b i l i t y  [from Beranek (3)  ] 

The average speech spectrum ( l / f  approximat ion,  Chapter I )  which h a s  been 
used i n  computations u n t i l  now i s  based on s t a b l e ,  long-term speech 
s p e c t r a  ob ta ined  by i n t e g r a t i o n  over  ~ e r i o d s  of  one minute o r  more. I n  
f a c t ,  t h e  e a r  appears  t o  i n t e g r a t e  over  s h o r t e r  pe r iods  o f  about  1 / 8  s e c .  
( t h e  average d u r a t i o n  of a phoneme). When RMS l e v e l s  a r e  taken over  
1 / 8  s e c .  i n t e r v a l s ,  i t  is  found t h a t  1% of t h e  shor t - te rm RMS va lues  
exceed t h e  long-term RMS va lue  by 12 dB o r  more. Hence, t h i s  va lue  
average RMS p l u s  12dB, is  used t o  r e p r e s e n t  t h e  peak l e v e l s  o f  speech 
which a r e  used i n  computations of  A I 1 s .  

(') N.R .  French and J.C. Ste inbe rg ,  J. Acoust.  Soc. Am. 19  (1949),  90-119. -- 

(3) L .L. Beranek, Proc .  IRE 35 (1947) , 880-890. - 
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The fundamentals of t h e  twenty-band method f o r  A 1  computation a r e  a s  fo l lows ,  
i n  g r e a t l y  s i m p l i f i e d  form ( ~ e f .  1 )  : 

(1) The RMS speech peak spectrum l e v e l  s i g n a l  a t  t h e  l i s t e n e r ' s  
e a r  is  p l o t t e d .  

(2) The spectrum l e v e l  of t h e  s teady  s t a t e  n o i s e  reaching t h e  
l i s t e n e r ' s  e a r  i s  p l o t t e d ,  and t h e  masking spectrum of t h e  
n o i s e  drawn a s  fol lows : 

(a )  Find t h e  extreme right-hand po in t  a t  which a 
h o r i z o n t a l  l i n e  3dB below t h e  maximum of t h e  
n o i s e  spectrum i n t e r s e c t s  t h e  n o i s e  spectrum. 

(b) Drop 57dB v e r t i c a l l y  from t h i s  s t a r t i n g  p o i n t ,  
and then  draw a l i n e  t o  t h e  l e f t ,  s l op ing  
upwards a t  lOdB p e r  octave.  This l i n e  is t h e  
low frequency p a r t  of t h e  masking spectrum. 

(c )  Also draw a l i n e  t o  t h e  r i g h t  from t h i s  p o i n t ,  
f i r s t  h o r i z o n t a l l y  and then downward. The 
l eng th  of t h e  h o r i z o n t a l  po r t i on  of t h i s  l i n e  
and t h e  s l o p e  of i t s  downward po r t i on  depend 
upon t h e  frequency of t h e  s t a r t i n g  p o i n t  and 
t h e  maximum spectrum l e v e l  of t h e  n o i s e  a s  
shown i n  Table 5-2. This  l i n e  r ep re sen t s  t h e  
high frequency p a r t  of t h e  masking spectrum. 

(3) Determine a t  t h e  mid-frequency of each of t h e  twenty frequency 
bands shown i n  Table 5-1 t h e  d i f f e r e n c e  A i n  dB between t h e  
spectrum l e v e l  of t h e  speech peaks and t h a t  of t h e  n o i s e  spectrum 
o r  t h e  masking spectrum, whichever i s  h ighe r .  

I f  A 5 0 ,  s e t  A = 0 .  

I f  A 2 30, s e t  A = 30. 

(4) The a r t i c u l a t i o n  index  i s  given by 

A-A 

C *  ARTICULATION INDEX: SPECIFIC CALCULATIONS 

The above method has  been app l i ed  t o  a few examples of ca se s  prev ious ly  d i s -  
cussed f o r  through-the-earth downlink e lec t romagnet ic  communications t o  mines,  
and t h e  r e s u l t s  are shown i n  F igures  5-2 and 5-3. I n  Figure 5-2, t h e  magnetic 
f i e l d  s i g n a l  was taken t o  be  t h e  speech s i g n a l ,  whereas i n  F igure  5-3 t h e  
r ece ive  loop  v o l t a g e  played t h i s  r o l e .  No low frequency masking s p e c t r a  are 
shown, because they  p l ay  no r o l e  f o r  t h e  Lincoln Mine* n o i s e  spectrum which w a s  
chosen as an example. The high frequency masking s p e c t r a  were drawn under t h e  
a r b i t r a r y  assumption t h a t  t h e  a c t u a l  maximum l e v e l  o f  t h e  n o i s e  sound p re s su re  
would l i e  between 76-85 dB r e  0.0002pbar, a comfortable l i s t e n i n g  l e v e l .  
* Ref. 1-1, NBS Report 10-739. 
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It should be  emphasized t h a t  t h e  optimum o v e r a l l  l e v e l  a t  which t h e  s i g n a l  (and 
no i se )  should be  de l ive red  t o  t h e  l i s t e n e r  has  no t  been considered h e r e .  Thus, 
f o r  example, no n o t i c e  has  been taken of c o r r e c t i o n s  which may have t o  be  app l i ed  
t o  t ake  account of t h e  f a s t e r  r a t e  of i n c r e a s e  i n  t h e  masking e f f e c t i v e n e s s  of 
sound when t h e  band s e n s a t i o n  l e v e l  of t h e  sound exceeds 80dB r e  0.0002 pbar .  
Also no account has  been taken of ambient audio n o i s e  i n  t h e  mine environment,  
( a s  a g a i n s t  t h e  e lec t romagnet ic  n o i s e  considered h e r e  which i s  converted i n t o  
audio n o i s e  by t h e  communications r e c e i v e r )  which may a l s o  a f f e c t  comun ica t ions  
i n t e l l i g i b i l i t y .  

Maximum spectrum l e v e l  
o r  masking l e v e l ,  which- 

Frequency of s t a r t i n g  p o i n t  l oca t ed  i n  S tep  3 

50-800Hz I 800-1600Hz ) 1600-2400Hz 1 2400-3200Hz 1 3200-5200Hz 

a 
Draw from s t a r t i n g  po in t  h o r i z o n t a l  l i n e  t o  r i g h t  f o r  t h i s  number of Hz. 

b 
Draw from right-hand end of h o r i z o n t a l  l i n e  a downward l i n e  t h a t  ha s  t h i s  
s l o p e  i n  dB/octave 

eve r  is  h i g h e r ,  of n o i s e  
a b o v e 0 . 0 0 0 2 p b a r i n d B  

Table 5-2: High-Frequency P a r t  of Masking Spectrum-- 
Upward Spread of Masking (Ref.  1 )  

Ca lcu l a t i ons  of t h e  a r t i c u l a t i o n  index  were c a r r i e d  ou t  f o r  a vo i ce  bandwidth 
of 500-3000Hz. This  corresponds t o  bands 4 through 1 5 ,  p l u s  about h a l f  of 
band 3 and band 16 shown i n  Table  5-1. The ' s fgna l -no ise  spectrum d i f f e r e n c e  A 
was s e t  equa l  t o  zero  f o r  a l l  bands o t h e r  than t h e s e ,  and given h a l f  i t s  a c t u a l  
va lue  a t  500Hz and 3000Hz f o r  t h e  two end 'bands. The a r t i c u l a t i o n  index has  a 
t h e o r e t i c a l  maximum va lue  of 0.65 under t h e s e  cond i t i ons .  

Bb 

The a r t i c u l a t i o n  index was computed f o r  two cases  wi th  equa l  t o t a l  power i n t o  
t h e  t r a n s m i t  w i r e  antenna:  

Case A: l / f  vo i ce  spectrum t r ansmi t t ed  : A 1  = 0.47 

Case B: D i f f e r e n t i a t e d  ( f l a t )  vo i ce  spectrum : A 1  = 0.49 

Aa Bb 
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The a r t i c u l a t i o n  index  i s  e s s e n t i a l l y  unchanged f o r  bo th  ca se s  whether t h e  
magnetic f i e l d  o r  t h e  r e c e i v e  loop v o l t a g e  is  taken  a s  t h e  speech s i g n a l .  I n  
t h e  method of c a l c u l a t i o n  de sc r ibed  above, s i n c e  t h e  r e c e i v e  loop performs 
t h e  same o p e r a t i o n  on bo th  t h e  s i g n a l  and t h e  n o i s e  s p e c t r a ,  t h e  a r t i c u l a t i o n  
index  can on ly  be  changed by d i f f e r e n c e s  i n  t h e  e f f e c t s  of t h e  masking s p e c t r a  
between F igures  5-2 and 5-3. It can be seen  t h a t  t h e  masking spectrum has  on ly  
a small i n f l u e n c e  i n  bo th  s i t u a t i o n s ;  hence?  t h e  a r t i c u l a t i o n  index  i s  n o t  
a f f e c t e d  by t h e  r e c e i v e  loop d i f f e r e n t i a t i o n .  This r e s u l t  would n o t  n e c e s s a r i l y  
ho ld  f o r  a l l  n o i s e  s p e c t r a  of i n t e r e s t .  

I n  bo th  i n s t a n c e s  Case B ( t h e  d i f f e r e n t i a t e d  vo i ce  spectrum) e x h i b i t s  a s l i e h t l v  
U - - J  

g r e a t e r  A 1  than  Case A a l though  i t s  s igna l - to -no ise  r a t i o  over  t h e  vo i ce  band- 
width i s  9.2dB i n  Figure  5-2 ( a s  a g a i n s t  12dB f o r  Case A),  and 11.6dB i n  F i eu re  5-3 

V 

(Case A i s  now down t o  1 l . O d ~ ) .  Hence, i t  i s  c l e a r  t h a t  t h e  A 1  i s  a n o t i c e a b l y  
d i f f e r e n t  c r i t e r i o n  f o r  speech i n t e l l i g i b i l i t y  than  t h e  o v e r a l l  spectrum s i g n a l -  
to-noise  r a t i o .  Tne r e l a t i o n  between A 1  and v a r i o u s  measures of speech i n t e l -  
l i g i b i l i t y  was shown i n  F igure  5-1. 

While no s i n g l e  va lue  of t h e  A 1  can be  s p e c i f i e d  a s  a  c r i t e r i o n  f o r  a ccep t ab l e  
communications, a s  a  rough guide (Ref. 3) a  communications s y s  tem wi th  an A 1  
of l e s s  than  0 . 3  should  be  considered u n s a t i s f a c t o r y  f o r  everyday speech communi- 
c a t i o n s ,  an A 1  of between 0 . 3  and 0.5 should  b e  regarded a s  b a r e l y  accep t ab l e ,  
and an A 1  g r e a t e r  than 0.5 should  b e  r a t e d  a s  s a t i s f a c t o r y .  The c r i t e r i a  of 
a c c e p t a b i l i t y  f o r  mine communications may, of course ,  be  somewhat l e s s  s t r i n g e n t  
than  f o r  "everyday" speech.  

D. SPEECH PEAK CLIPPING 

Sharp,  symmetr ical  speech peak c l i p p i n g  (ampli tude l i m i t i n g ) ,  wh i l e  i t  a f f e c t s  
t h e  q u a l i t y  o r  n a t u r a l n e s s  of speech markedly, does n o t  g r e a t l y  reduce i n t e l l i -  
g i b i l i t y .  I n  f a c t ,  t h e  a r t i c u l a t i o n  s c o r e  of monosyllabic words heard  i n  q u i e t  
a t  a  comfortable  l i s t e n i n g  l e v e l  i s  reduced t o  about 70% even wi th  i n f i n i t e  peak 
c l i p p i n g ,  where t h e  speech has  been reduced t o  a  succes s ion  of r e c t a n g u l a r  waves, 

The va lue  of peak c l i p p i n g  on t r ansmis s ion  can be app rec i a t ed  from two viewpoints :  

( a )  I n  o r d e r  t o  reproduce t h e  speech spectrum f a i t h f u l l y  w i t h ,  say  
X w a t t s  RMS ou tpu t  power, an a m p l i f i e r  ha s  t o  be  capable  of about  
10X o r  more w a t t s  i n  o r d e r  t o  cope w i t h  t h e  peaks of t h e  speech.  
To avoid  t h e  added expense involved ,  i t  is  p o s s i b l e  t o  c l i p  t h e  
speech spectrum and remove t h e s e  peaks,  w i th  e s s e n t i a l l y  no 
e f f e c t  on t h e  average RMS ou tpu t  power, and l i t t l e  e f f e c t  on 
t h e  i n t e l l i g i b i l i t y  of t h e  rece ived  speech.  

(b) A l t e r n a t i v e l y ,  i f  t h e  maximum c a p a b i l i t y  of t h e  a m p l i f i e r  i s  
t o  be used e f f e c t i v e l y ,  t h e  speech can be c l i pped  and then  
pos t -ampl i f ied ,  s o  t h a t  t h e  average RMS power i s  more n e a r l y  
equa l  t o  t h e  peak power. There can then  be a  s i g n i f i c a n t  
i n c r e a s e  i n  t h e  i n t e l l i g i b i l i t y  of t h e  rece ived  speech ,  a t  
t h e  c o s t ,  of cou r se ,  of a  g r e a t e r  o v e r a l l  power requirement .  
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I n  o t h e r  words,  i f  t h e  communica~tion system has  i n s u f f i c i e n t  
ampli tude hand l ing  capac i t y  t o  pass  t h e  peaks of t h e  speech 
wave and s t i l l  prov ide  an adequate  i n t e n s i t y  l e v e l ,  t h e  b e s t  
i n t e l l i g i b i l i t y  is ob ta ined  by c l i p p i n g  o f f  t h e  peaks and 
u s ing  t h e  a v a i l a b l e  power f o r  t h e  remainder of t h e  wave. 

I n t e l l i g i b i l i t y  is very  r e s i s t a n t  t o  peak c l i p p i n g ;  a t  a  comfortable  l i s t e n i n g  
l e v e l ,  95% of monosyl labic  words a r e  heard  c o r r e c t l y  even a f t e r  24dB peak c l i p -  
p ing ,  and 70% of  t h e  words can be  unders tood even a f t e r  i n f i n i t e  peak c l i p p i n g ,  
a s  mentioned above. Grea t e r  c a r e  ha s  t o  ble t aken  i n  e v a l u a t i n g  t h e  e f f e c t s  of 
peak c l i p p i n g  i n  t h e  presence  of s i g n i f i c a n t  amounts of  n o i s e .  I f  t h e  n o i s e  
e n t e r s  t h e  system a t  t h e  t a l k e r ' s  end of t.he l i n e ,  in te rmodula t ion  r e s u l t i n g  
from t h e  non- l inear  c l i p p i n g  c i r c u i t  may h~ave s e v e r e  e f f e c t s  on i n t e l l i g i b i l i t y ;  
on t h e  o t h e r  hand, i f  t h i s  n o i s e  c o n s i s t s  l a r g e l y  of sha rp  p u l s e s ,  t h e  i n t e r -  
a c t i o n  w i l l  b e  more f avo rab l e  s i n c e  t h e  peak c l i p p i n g  can then  g e t  r i d  of  more 
n o i s e  than  speech.  The s i t u a t i o n  w i th  r e s p e c t  t o  s e v e r e  background n o i s e  a t  
t h e  l i s t e n e r ' s  end of t h e  l i n e  can b e  amel iora ted  by peak c l i p p i n g  fol lowed by 
a m p l i f i c a t i o n  s o  t h a t  low l e v e l  p o r t i o n s  of t h e  speech s i g n a l ,  p r ev ious ly  
masked by n o i s e ,  may now b e  hea rd .  Advantages can a l s o  accrue  from peak c l i p p i n g  
upon r e c e p t i o n  i n  s i t u a t i o n s  where n o i s e  picked up a t  t h e  l i s t e n e r ' s  end of t h e  

t r ansmis s ion  l i n k  i s  h igh ly  impuls ive i n  n.ature . 

The i n c r e a s e  i n  i n t e l l i g i b i l i t y  obtainable:  by use of peak c l i p p i n g  ( s i t u a t i o n  
( b ) )  ha s  been c a l c u l a t e d  f o r  t h e  mine comrr~unications cases  cons idered  above. 
F igure  5-4 shows t h e  i n c r e a s e  i n  t h e  long--term o r  average RMS speech l e v e l  a s  
a r e s u l t  of peak c l i p p i n g  and pos t -c l ipp ing  a m p l i f i c a t i o n  which equa t e s  t h e  
c l i pped  and uncl ipped speech waves i n  peak-to-peak ampli tude.  E s s e n t i a l l y ,  
an i n c r e a s e  i n  average t r a n s m i t t i n g  power w i th  no i n c r e a s e  i n  over load  capa- 
b i l i t i e s  buys an i n c r e a s e  i n  i n t e l l i g i b i l i t y .  

AMOUNT OF PEAK-CLIPPING AND POST-CLIPPING AMPLIFICATION IN 0 8  
(PEAK AMPLITUDE DEFINED BY 0 0 0 1  PROBABILITY LEVEL 

I N  DISTRIBUTION OF INSTANTANEOUS AMPLITUDES) 

FIGURE 5-4 INCREASE I N  RMS SPEECH POWER AS A FUNCTION 
OF CLIPPING WHEN CLIPPEC) LEVEL IS RAISED TO 
CLIPPING REFERENCE LEVEL (REF. 1)  
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The e f f e c t  of  t h i s  type  of c l i p p i n g  may be app l i ed  t o  t h e  computations of  
A 1  f o r  c o a l  mine communications d i s cus sed  above. A l l  t h a t  i s  r e q u i r e d ,  
i n  S tep  1 of  t h e  computation p roces s ,  is  t o  add t o  t h e  speech peaks t h e  
i n c r e a s e  i n  t h e  long-term RMS speech l e v e l  a s  de r ived  from Figure  5-4 f o r  
t h e  s e l e c t e d  amount of peak c l i p p i n g  and equa l  pos t -c l ipp ing  a m p l i f i c a t i o n ,  
and then  proceed a s  b e f o r e .  

The r e s u l t s  a r e  shown i n  Table  5-3 f o r  t h e  s i g n a l  and n o i s e  cond i t i ons  of 
F igures  5-2 and 5-3. 

Table  5-3: The E f f e c t s  on Speech I n t e l l i g i b i l i t y  of Peak Cl ipp ing  
w i th  Equal Post-Clipping Ampl i f ica t ion  

No Peak Cl ipp ing  12 dB Peak Clipping 24 dB Peak Clipping 
I n c r e a s e  i n  

Average Power 0  dB 8.5 dB 12.0 dB 
Required 

Case A ( 4 )  c a s e  B Case A Case B Case A Case B 
A r t i c u l a t i o n  - 

Index 0.47;0.47 0.49;0.49 0.64;0.64 0.64;0.64 0.65;0.65 0.65;0.65 

It i s  worth n o t i n g  t h a t  t h e  a r t i c u l a t i o n  index has  reached i t s  t h e o r e t i c a l  
maximum f o r  t h e  500-3kHz bandwidth employed when 24 dB peak c l i p p i n g  is  used.  
However, t h e  minute ga in  i n  speech i n t e l l i g i b i l i t y  ob ta ined  i n  going from 
12 dB t o  24 dB peak c l i p p i n g  i s  c l e a r l y  n o t  worth t h e  e x t r a  3.5 dB i n  average 
power r equ i r ed .  

E  . DISCUSSION 

The r e s u l t s  ob ta ined  from c a l c u l a t i o n s  of  t h e  a r t i c u l a t i o n  index  i n d i c a t e  
t h a t  spectrum shaping  techniques  a r e  n o t  l i k e l y  t o  improve communications 
i n t e l l i g i b i l i t y  s i g n i f i c a n t l y  f o r  deep mines, where power requirements  pose 
t h e  most s e v e r e  problems. They w i l l  probably be  more e f f e c t i v e  i n  sha l lower  
mines,  a s  c a l c u l a t i o n s  of  s igna l - to -no ise  r a t i o s  have a l r eady  i n d i c a t e d  
(Chapter I V  of t h i s  P a r t )  . 
The r e s u l t s  de r ived  h e r e  have,  of course ,  been based on l i m i t e d  n o i s e  d a t a  
a v a i l a b l e  from NBS' measurements i n  mines. Among o t h e r  f a c t o r s ,  no account  
has  been taken  of t h e  "burs t iness"  of e lec t romagnet ic  n o i s e  i n  mines,  n o r  
of t h e  e f f e c t  on i n t e l l i g i b i l i t y  of pure  o r  complex "tones" of n o i s e ,  such 
a s  t hose  c r e a t e d  by harmonics of 6OHz o r  360Hz commonly found i n  mines. 
The l a t t e r  can probably be  reduced t o  a s a t i s f a c t o r y  l e v e l  by use of a  
harmonic r e j e c t i o n  f i l t e r ,  should t hey  have a very  d e l e t e r i o u s  e f f e c t  on 
c o m u n i c a t i o n s  i n t e l l i g i b i l i t y .  A p o t e n t i a l l y  a t t r a c t i v e  design f o r  a  
harmonic r e j e c t i o n  f i l t e r  i s  desc r ibed  i n  t h e  fo l lowing  Chapter V I .  The 
e f f e c t  of  t h e  "bu r s t i ne s s "  of  n o i s e  on i n t e l l i g i b i l i t y  can be  e s t ima ted  
from Figure  5-5 and 5-6, once t h e  necessary  d a t a  have been ga thered .  

(4) Each p a i r  of  r e s u l t s  under Case A ( u n d i f f e r e n t i a t e d  vo i ce  spectrum) o r  
Case B ( d i f f e r e n t i a t e d  vo i ce  spectrum) r e p r e s e n t s  t h e  two s i t u a t i o n s  
where t h e  magnetic f i e l d  ( l e f t )  and t h e  r e c e i v e  loop v o l t a g e  ( r i g h t )  a r e  
t aken  a s  t h e  speech s i g n a l .  No d i f f e r e n c e  i s  obse rvab l e  w i t h i n  t h e  
accuracy of t h e s e  computat ions .  
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Figure 5-5 shows t h e  e f f e c t  on speech i n t e l l i g i b i l i t y  of t h e  duty cycle  
o r  f r a c t i o n  of time t h a t  a  masking no i se  is on, and Figure 5-6 presents  
the  f u r t h e r  co r rec t ion  t h a t  should be appl ied  t o  t h e  A 1  when no i se  
having a d e f i n i t e  on-of f  duty cycle is  present .  

t i v e l y ,  f o r  any f ixed  power t rans-  
mission c a p a b i l i t y ,  peak c l i p -  
ping can s i g n i f i c a n t l y  inc rease  
the  i n t e l l i g i b i l i t y  of t h e  com- 
municat ions  channel. F i n a l l y ,  
peak c l ipp ing  o r  l i m i t i n g  upon 
recept ion  w i l l  be he lp fu l  where 
the  l o c a l  mine electromagnetic  
n o i s e  i s  very impulsive. 

FIGURE 5-6 EFFECTIVE A l  

Showing the effective Al  as a function of the 
frequency with which a masking noise is  
interrupted. The parameter of the curves 
is the corrected Al  calculated on the assumption 
that the masking noise i s  steady-state and then 
adjusted according to Fig. 5-5 for the fraction 
of the time the noise i s  on. (Ref. 1) 

It should be mentioned t h a t  i n  designing a communications system f o r  
acceptable i n t e l l i g i b i l i t y  i n  a  given environment, c a r e f u l  a t t e n t i o n  
must be paid t o  the  e f f e c t  of d i r e c t  audio no i se  reaching t h e  l i s t e n e r ,  
and t o  cons idera t ion  of t h e  optimum o v e r a l l  l e v e l  of sound which should 
be de l ivered  t o  him. 
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V I  . A MEANS FOR OVERCOMING POWER LINE INTERFERENCE 

Through-the-earth e l ec t romagne t i c  communication from t h e  s u r f a c e  t o  miners  
below t h e  s u r f a c e  i n  working a r e a s  of a  mine i s  plagued by t h e  presence  of 
very  s u b s t a n t i a l  amounts of e lec t romagnet ic  n o i s e  i n  t h e  r ece iv ing  a r e a .  
The enormity of t h i s  n o i s e  i s  i l l u s t r a t e d  by t h e  work of Bensema* a t  t h e  
Nat iona l  Bureau of S tandards .  F igure  6-1** i s  taken from ~ e n s e m a ' s  r e p o r t  
and i l l u s t r a t e s  t h e  s p e c t r a l  c h a r a c t e r  of t y p i c a l  in-mine n o i s e .  It i s  
ev iden t  from t h i s  p l o t  t h a t  t h e  l a r g e s t  c o n t r i b u t o r  t o  n o i s e  f o r  t h e  example 
given i s  60 Hz, and i t s  harmonics,  a t  l e a s t  w i t h i n  t h e  baseband vo i ce  r eg ion  
where t h e  p r e sen t  through-the-earth e lec t romagnet ic  communication systems 
o p e r a t e .  For t h i s  reason ,  i t  seems app rop r i a t e  t o  cons ide r  a  means of re -  
j e c t i n g  60 Hz and i t s  harmonics i f  i t  can be done e f f e c t i v e l y  and economi- 
c a l l y .  Re j ec t i on  of power l i n e  harmonics p r e s e n t s  t h e  p o s s i b i l i t v .  d i s -  
cussed i n  p rev ious  Chapters  of t h i s  P a r t ,  of pe rmi t t i ng  a  marked i n c r e a s e  
i n  t h e  i n t e l l i g i b i l i t y  of  through-the-earth vo i ce  communications, o r  of 
a l lowing  a  s u b s t a n t i a l  r educ t i on  i n  t h e  t r a n s m i t t e r  power requirements .  

A.  METHODS TO OVERCOME HARMONICS 

C l a s s i c a l l y  t h e  means f o r  r e j e c t i n g  harmonics of a  s i n g l e  f requency h a s  
been t o  use  a  m u l t i p l e  no t ch  f i l t e r .  These m u l t i p l e  no tch  f i l t e r s  belong 
t o  t h e  c l a s s  known a s  comb f i l t e r s  and have been r e a l i z e d  i n  t h e  p a s t  
l a r g e l y  by m u l t i p l e  tuned s t a g e s  o r  by t h e  use  of de lay  l i n e s ,  which a r e  
a b l e  t o  ach ieve  some degree  of r e j e c t i o n  f o r  s i t u a t i o n s  s i m i l a r  t o  t hose  
encountered i n  mines.  

There is an a l t e r n a t i v e  k ind  of f i l t e r  t h e  theory  of  which is r e l a t i v e l y  
o l d ,  bu t  whose implementation h a s  on ly  r e c e n t l y  become p r a c t i c a l .  The 
form of  t h i s  f i l t e r  i s  i l l u s t r a t e d  i n  F igure  6-2, and comprises a  com- 
muta tor  swi tch ,  a  s e r i e s  of c a p a c i t o r s ,  and one r e s i s t o r .  To make t h i s  
i n t o  a  harmonic r e j e c t i o n  f i l t e r ,  t h e  commutator is caused t o  r o t a t e  once 
p e r  fundamental  c y c l e  of  t h e  harmonic s e t  which i s  t o  be r e j e c t e d .  The 
g e n e r i c  frequency response f o r  such a  f i l t e r  is  shown i n  F igure  6-3. With 
a  s u f f i c i e n t l y  l a r g e  number of swi tches  and c a p a c i t o r s  t o  sample and s t o r e  
t h e  input  waveform, t h i s  m u l t i p l e  no tch  f i l t e r  can be made t o  be  a  n e a r  
i d e a l  r e j e c t o r  of harmonics.  One of t h e  c h a r a c t e r i s t i c s  of importance i n  
t h i s  f i l t e r  is  t h a t  each of t h e  no tches  h a s  t h e  same bandwidth, s o  t h a t  i f  
i t  i s  1 Hz wide a t  t h e  fundamental f requency,  i t  is  s t i l l  1 Hz wide a t  
each harmonic. 

The func t i on ing  of t h i s  f i l t e r  is  made apparent  i n  F igure  6-4 f o r  a  s i g n a l  
which h a s  a  fundamental  p l u s  many harmonics.  Each c a p a c i t o r  i n  t h e  f i l t e r  
s t o r e s  t h e  average va lue  of t h e  waveform t h a t  occurs  i n  t h e  i n t e r v a l  f o r  which 
t h a t  c a p a c i t o r  switch is  c lo sed .  Thus a r e p l i c a  of  t h e  r e p e a t i n g  p a r t  of  t h e  
waveform i s  s t o r e d  on t h e  c a p a c i t o r s ,  and t h e  incoming wave i s  compared t o  t h i s  

* Ref.  1-1, Bensema, W.D., "Coal Mine ELF Noise Measurements", NBS Report 
10-739, 28 A p r i l  1972. 

** References  t o  F igu re s ,  Tables ,  and Equat ions  apply  t o  t hose  i n  t h i s  
Chapter  un l e s s  o therwise  no t ed .  
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FIGURE 6-2 FUNCTIONAL REPRESENTATION OF HYBRID FILTER 

Arthur D L~t t l e  Inc 



"out 

in - I 

0 2fo 31f0 4f 0 Frequency 

FIGURE 6-3 FILTER FREQUENCY RESPONSE 

Arthur D LittJe Jnc 



Arthur D Little In( 



s t o r e d  waveform. Since t h e  s t o r e d  waveform i s  a  step-wise approximation t o  
t h e  r e c u r r i n g  p a r t  of t h e  waveform, t h e  only c u r r e n t  t h a t  flows i n  t h e  ou tput  
c i r c u i t  i s  t h a t  caused by f e a t u r e s  of t h e  waveform which depa r t  from i t s  repe- 
t i t i o u s  c h a r a c t e r .  It  can b e  foreseen  t h a t  t h e  s t o r e d  step-wise approximation 
t o  t h e  waveform w i l l  d e t e r i o r a t e  f o r  those  f a i r l y  high-order  harmonics where 
t h e  number of samples s t o r e d  by t h e  corresponding c a p a c i t o r  segments p e r  pe r iod  
of t h e  r e s p e c t i v e  harmonics is low i n  number, say 4 o r  8. Therefore ,  t h i s  har -  
monic notch f i l t e r  i s  n o t  a s  good a  r e j e c t o r  of s i g n a l s  a t  a  h i g h e r  o rde r  har -  
monic as  i t  is  a t  a  lower o rde r  harmonic. 

We c a l c u l a t e d  t h e  r e j e c t i o n  c a p a b i l i t y  for: a  f i l t e r  w i th  8 and 10 s t o r e d  samples,  
o r  segments,  pe r  cyc le  of t h e  harmonic t o  be r e j e c t e d .  Values of 31db f o r  t h e  
10-segment r e p r e s e n t a t i o n ,  and 26db f o r  t h e  8-segment r e p r e s e n t a t i o n  were ob- 
t a ined .  These r e s u l t s  were a r r i v e d  a t  by making a  harmonic a n a l y s i s  of t h e  
step-wise approximation t o  a  s i n e  wave, an.d determining t h e  e r r o r  thereby  in-  
cur red  i n  r ep re sen t ing  t h e  t r u e  i npu t  wave. This  e r r o r  waveform i s  passed 
by t h e  f i l t e r .  A 40-segment breadboard u n i t  was b u i l t  t o  demonstrate f e a s i -  
b i l i t y .  

One of t h e  advantages t h a t  t h i s  f i l t e r  o f f e r s  which makes i t  promising f o r  t h e  
Bureau of Mines communication problem, is  t h a t  t h e  bandwidth of t h e  notch is 
completely c o n t r o l l a b l e  by a d j u s t i n g  only one c i r c u i t  e lement ,  t h a t  i s ,  1 
t h e  s e r i e s  r e s i s t o r .  The c o n t r o l l a b l e  r e j e c t i o n  bandwidth i s  s p e c i f i e d  a s  -- 
where N is  t h e  number of capac i to r  segments i n  t h e  f i l t e r  and R and C a r e  

TNRC ' 
t h e  r e s i s t a n c e  and capac i tance  values  ; and i t  can be t a i l o r e d  t o  t h e  n a t u r a l  
bandwidth of t h e  i n t e r f e r e n c e  s i g n a l s .  The e l e c t r o n i c  implementation of t h e  
commutator swi tch  can a l s o  e a s i l y  be made such t h a t  t h e  f i l t e r  becomes a  t rack-  
i ng  f i l t e r ,  t h a t  t r a c k s  t h e  i n t e r f e r e n c e  fundamental frequency and thereby 
always r e j e c t i n g  t h e  i n t e r f e r e n c e  p r e s e n t ,  i n  s p i t e  of frequency v a r i a t i o n s  of 
t h e  fundamental about i t s  nominal va lue  of 60Hz. Such a  t r ack ing  f e a t u r e  w i l l  
most l i k e l y  be r equ i r ed  f o r  coa l  mine app1: icat ions.  

B . C I R C U I T  IMPLEMENTATION 

Figure 6-5 i l l u s t r a t e s  a  c i r c u i t  diagram of  t h e  breadboard v e r s i o n  of  t h e  f i l t e r  
t h a t  was cons t ruc ted  i n  o rde r  t o  eva lua t e  t h e  f i l t e r ' s  performance. The bread- 
board was a  40-segment design us ing  40 capac i to r s  i n  conjunct ion wi th  40 CMOS* 
analog swi tches .  During ope ra t i on  only one swi tch  a t  a  time is  turned on,  t h e  
s e l e c t i o n  be ing  based on where a  "one" pu l se  is  i n  a  40-bit tw i s t ed  r i n g  s h i f t  
r e g i s t e r .  This  keying is  c o n t r o l l e d  by the  f i v e  74164 8-b i t  s h i f t  r e g i s t e r s  
shown i n  t h e  lower p o r t i o n  of t h e  diagram. A s i n g l e  "one" advances s t a g e  by 
s t a g e  through t h i s  40-bit  s h i f t  r e g i s t e r  i n  accordance w i th  clock pu l se s  app l i ed  
e x t e r n a l l y  t o  t h e  c i r c u i t .  These clock pul-ses occur a t  40 t imes t h e  fundamental 
frequency of r e j e c t i o n  f o r  t h e  f i l t e r .  I n  p r i n c i p l e ,  t h e  ou tputs  from t h e  s h i f t  
r e g i s t e r s  may b e  used d i r e c t l y  t o  c o n t r o l  t h e  analog swi tches  connected t o  t h e  
c a p a c i t o r s .  However, f o r  p r a c t i c a l  reasons we chose t o  use 40 b u f f e r  a m p l i f i e r s  

* CMOS: Complementary Metal Oxide Semiconductor. 
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t o  provide t he  15 v o l t  swi tch ing  s i g n a l  t o  t he  CMOS swi tches .  The b u f f e r  
a m p l i f i e r s  a r e  i n d i c a t e d  as  t h e  hex b u f f e r s  #7417. The outputs  from these  
hex b u f f e r s  feed  10 quad swi t ches ,  i . e .  , each of t h e  CD4016E CMOS switches 
has  fou r  elements i n  t h e  package. One s i d e  of each swi tch  i s  f ed  t o  a  
common bus shown te rmina t ing  i n  a  r e s i s t o r  b i a s e d  t o  t h e  15 v o l t  supply.  
The o t h e r  s i d e  of each swi tch  goes t o  i t s  i n d i v i d u a l  c a p a c i t o r ,  then back 
t o  a  common inpu t  l i n e .  The commutating func t ion  of t h e  switch shown i n  
the  e a r l i e r  diagram (Figure 6-2) i s  thus  accomplished by t h i s  c i r c u i t .  The 
breadboard used 30 14-pin dua l  i n - l i ne  i n t e g r a t e d  c i r c u i t  p a c k a ~ e s  t o  
accomplish t h e  r equ i r ed  func t ions .  Th i r t een  of t he se  packages were asso- 
c i a t e d  wi th  t he  b u f f e r  c i r c u i t s  used t o  connect t h e  s h i f t  r e g i s t e r s  t o  
t h e  swi tch ing  elements .  

One of t h e  major c o n t r i b u t o r s  t o  t h e  volume occupies  by t h e  c i r c u i t  was 
t he  bank of 40 equa l  capac i to r s  f o r  waveform s t o r a g e .  The capac i tance  va lue  
of 0.22 vf was chosen l a r g e  enough t o  p r o ~ ~ i d e  q u i t e  a  degree of f l e x i b i l i t y  
i n  s e l e c t i n g  t h e  c i r c u i t  time cons tan t .  The choice of a  s p e c i f i c  c a p a c i t o r  
was made l a r g e l y  on t h e  b a s i s  of cost--not s i z e ,  s o  they were f a i r l y  l a r g e .  

The reason t h a t  t he  ou tput  s i g n a l  i s  b i a sed  t o  a  +7.5 v o l t  r e t u r n  i s  because 
t h e  CMOS switches must have t h e i r  analog i n p u t  s i g n a l  confined t o  t h e  space  
between 0  v o l t s  and t h e  c o n t r o l  vo l t age  of +15 v o l t s  used t o  t u r n  t h e  swi tch  
on. Hence, t h e  r e t u r n  was made midway between these  two vo l t ages  a t  +7.5 
v o l t s .  This ope ra t i on  b i a s e s  t h e  capac i to r s  dur ing  ope ra t i on  b u t  does n o t  
a f f e c t  t he  performance of t h e  c i r c u i t .  The e f f e c t i v e  r e s i s t a n c e  a s s o c i a t e d  
wi th  t h e  c a p a c i t o r  is t h a t  of t h i s  r e t u r n  c i r c u i t ,  and f o r  most t e s t s  i t  was 
s e t  a t  10,000 ohms. 

TESTS AND RESULTS 

Figure 6-6 i l l u s t r a t e s  i n  block diagram form t h e  equipment assembled f o r  t e s t -  
i n g  t h e  f i l t e r .  The most i n t e r e s t i n g  tes t :  was t h a t  done t o  determine t h e  
depth of t he  notches a s  a  func t ion  of harmonic number. For t h i s  t e s t ,  a  
2000 Hz square  wave was used t o  program t h ~ e  commutator. This  means t h a t  
t h e  commutator r o t a t e d  a t  a  50 Hz r a t e .  F i f t y  Hz was chosen t o  a s s u r e  
t h a t  60 Hz pickup d i d  n o t  p r e s e n t  problems. The output  of t h e  f i l t e r  was 
passed through a  Krohn-Hite f i l t e r  p r i o r  t.o measurement s o  t h a t  t h e  out-of- 
band contamination produced by swi tch ing  t r a n s i e n t s  would n o t  i n t e r f e r e  wi th  
t h e  in-band measurements. 

The p l o t  of Figure 6-7 i l l u s t r a t e s  t he  depths  of no tches  as a  func t ion  of har-  
monic number. Also shown on t h i s  p l o t  a r e  two computed p o i n t s  der ived  a s  
d i scussed  e a r l i e r ,  and t h e  depth of notches t h a t  would be experienced f o r  
f i l t e r s  conta in ing  l a r g e r  numbers of segments. It i s  seen from these  p l o t s  
t h a t  r e j e c t i o n  of harmonics can b e  i n  excess  of 40 db, and t h a t  t h i s  r e j e c -  
t i o n  i s  c o n t r o l l e d  by t h e  number of segments used i n  t h e  f i l t e r ,  thereby 
provid ing  t h e  a b i l i t y  t o  t a i l o r  t h e  design t o  des i r ed  r e j e c t i o n  l e v e l s .  

Arthur D Little, Inc. 
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Figure 6-8 i l l u s t r a t e s  an expanded ve r s ion  of t h e  t r ansmis s ion  frequency re- 
sponse around t h e  f o u r t h  harmonic notch.  The r e s u l t s  of t h e s e  t e s t s  c l e a r l y  
i n d i c a t e  t h a t  t h i s  harmonic r e j e c t i o n  f i l t e r  can be used f o r  t h e  purpose of 
r e j e c t i n g  harmonics i n  a  mine communication system. 

One of t h e  unresolved ques t ions  a t  t h e  time we s t a r t e d  cons t ruc t i on  of t h i s  
c i r c u i t  was what would happen t o  vo ice  s i g n a l s  when passed through such f i l -  
t e r s  w i th  t h e  notch bandwidths we used. We found, upon t e s t  of running vo i ce  
s i g n a l s  through t h e  f i l t e r  i n  t he  absence of i n t e r f e r i n g  s i g n a l s  and record- 
i n g  t h e  r e s u l t s ,  t h a t  vo i ce  q u a l i t y  was preserved  remarkably w e l l .  One fea-  
t u r e  noted by paying c a r e f u l  a t t e n t i o n  t o  t he  q u a l i t y  of t he  vo i ce  was a  very  
f a i n t  echo i n  t h e  vo ice  s i g n a l s  coming ou t  of t h e  f i l t e r .  This  is  a s  expected.  

I n  o r d e r  t o  p rov ide  q u a l i t a t i v e  eva lua t i on  of t he  r e j e c t i o n  c a p a b i l i t i e s  of 
t h e  f i l t e r ,  square  waves of i n t e r f e r e n c e  were app l i ed  t o  t h e  i n p u t  of t h e  
f i l t e r  and combined w i th  vo i ce  s i g n a l s  a r r i v i n g  from a microphone. A VCO 
(vo l t age  c o n t r o l l e d  o s c i l l a t o r )  was used t o  cause t h e  f i l t e r  t o  synchronize 
w i t h  t he  i n t e r f e r i n g  s i g n a l .  Recordings were made of t h e  u n f i l t e r e d  and 
f i l t e r e d  v e r s i o n s  of  t h e  waves, which demonstrate  t h e  dramat ic  improvements 
i n  vo i ce  r ecep t ion  provided by t h e  harmonic r e j e c t i o n  f i l t e r .  

D .  EXTENSIONS OF WORK 

There a r e  s e v e r a l  ex tens ions  of t h e  b a s i c  work which could be  done t o  a i d  i n  
improving mine communications. F i r s t  of a l l ,  a  VCO and phase-lock loop  could 
be f a b r i c a t e d  and added t o  t h e  c i r c u i t  t o  demonstrate t h e  f e a s i b i l i t y  of pro- 
ducing a  t r a c k i n g  v e r s i o n  of t h e  f i l t e r .  Secondly,  a  f i l t e r  w i th  more seg-  
ments t o  p rov ide  h i g h e r  r e j e c t i o n  of t h e  h ighe r  o rde r  harmonics could be  
assembled and t e s t e d .  Th i rd ly ,  t h e r e  i s  t h e  d i s t i n c t  p o s s i b i l i t y  t h a t  i n  
terms of s i z e  and power consumption, an a l l - d i g i t a l  ve r s ion  may have s i g n i -  
f i c a n t  promise. Such a  v e r s i o n  would be e a s i e r  t o  implement i n  a  Large Sca l e  
I n t e g r a t e d ,  LSI , v e r s i o n  than  would be  t h e  hyb r id  a n a l o g l d i g i t a l  system re-  
p r e sen t ed  by t he  p r e s e n t  breadboard. A poss . ible  block diagram f o r  an a l l -  
d i g i t a l  v e r s i o n  is  i l l u s t r a t e d  i n  F igure  6-9. The advantage of  t h e  a l l - d i g i t a l  
v e r s i o n  a r i s e s  from t h e  f a c t  t h a t  one o f  t h e  most s i g n i f i c a n t  volume elements  
of t h e  p r e s e n t  c i r c u i t ,  LSI ve r s ion  inc luded ,  i s  t h e  bank of s t o r a g e  c a p a c i t o r s .  
Since s t o r a g e  c a p a c i t o r s  would have t o  be e x t e r n a l  elements i n  an LSI ve r s ion  
of t h e  hyb r id  c i r c u i t ,  they would even l i m i t  t h e  a t t r a c t i v e n e s s  of t h i s  concept 
somewhat. 

E . CONCLUSIONS 

The hyb r id  commutator-type f i l t e r  has  been demonstrated t o  be  an e f f e c t i v e  
r e j e c t o r  of harmonic s i g n a l s .  This  e f f e c t i v e  r e j e c t i o n  i s  accomplished with-  
o u t  a l t e r i n g  s i g n i f i c a n t l y  t h e  q u a l i t y  of t h e  vo ice  which i s  d e s i r e d  t o  b e  
passed through t h e  f i l t e r .  I n  those  cases  where t h e  n o i s e  environment i s  
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dominated by harmonic components, t h e  use. of t h i s  f i l t e r  can s i g n i f i c a n t l y  
decrease  t h e  amount of t r a n s m i t t e r  power r equ i r ed  t o  achieve r e l i a b l e  v o i c e  
communications through-the-ear th .  For example, i n  t h e  case  of a harmonic 
f i l t e r  t h a t  reduced a l l  harmonic components by an equa l  amount of s a y  Rdb, 
t h e  t r a n s m i t t e r  power requirement  would a l s o  be  reduced by t h e  same Rdb. 
I n  t h e  case  of t h e  harmonic f i l t e r  descri .bed i n  t h i s  r e p o r t ,  t h e  improve- 
ment could be w e l l  i n  excess  of  t h e  minimum r e j e c t i o n  provided by t h e  
h i g h e s t  harmonic t o  b e  r e j e c t e d  i n  t h e  vo ice  band of i n t e r e s t .  
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